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RESUMO

O arcabouco geoldgico do sudeste do Brasil ¢ formado pelo Craton Sao Francisco (CSF) e seus
orogenos marginais. Essas provincias tectonicas foram constituidas e moldadas durante o ciclo
orogénico Neoproterozoico-Cambriano, que resultou na amalgama¢do do Gondwana
Ocidental. Durante o Cretidceo, a abertura do Oceano Atlantico Sul separou cinturdes
orogénicos (e.g. Ordgeno Araguai) e cratons (e.g. por¢ao nordeste do CSF) de suas contrapartes
africanas. Por outro lado, alguns or6genos foram poupados da abertura (e.g. Orégeno Brasilia).
Uma vez que o CSF e seus cinturdes marginais fazem parte de uma regido continental
considerada estavel desde o Cambriano, a evolucao tectonica Fanerozoica dessa area ¢
raramente investigada, especialmente as por¢des distantes da costa. Neste trabalho, um total de
quatorze amostras do Orégeno Brasilia, doze amostras do CSF e vinte e quatro amostars do
Orbgeno Araguai sdo analisadas por meio de termocronologia, utilizando trago de fissdo em
apatita (TFA). O método de TFA ¢é adequado para definir as trajetorias de temperatura-tempo
(t-T) das rochas na crosta rasa (2 a 4 km), permitindo a determinacao de fases de resfriamento
que podem estar relacionadas a eventos de reativagdo tectonica. No Ordgeno Brasilia, as idades
centrais de TFA das amostras analisadas variaram de 386 a 106 Ma e os comprimentos médios
dos tragcos (CMT) variaram entre 10,8 e 13,5 pum. No CSF, as idades centrais de TFA variaram
de 160 a 344 Ma e o CMT variaram de 11,2 a 12,7 um. No Ordégeno Araguai, as amostras
apresentaram as idades centrais de TFA entre 210 a 53 Ma e o CMT variando de 11,5 a 13,5
um. A partir do conjunto de dados termocronologicos foi possivel executar a inversdo de
Markov Chain Monte Carlo e determinar modelos térmicos (t-T). Foram identificados trés
periodos principais de exumacao do embasamento dessas provincias tectonicas: (i) Paleozoico,
registrado por amostras do CSF e do Orogeno Brasilia; (i1) Aptiano a Cenomaniano, registrado
por amostras do Ordgeno Araguai; e (iii) Cretaceo tardio ao Paleoceno, inferido em amostras
de todos os dominios. A fase Paleozdica parece ter sido desencadeada por uma erosdo extensa
que provavelmente foi induzida pela extensdo tectonica durante o fraturamento da crosta
continental no contexto de subsidéncia das bacias intracontinentais, principalmente as bacias
do Parana e Sanfranciscana. O resfriamento do Aptiano ao Cenomaniano foi relacionado ao
soerguimento desencadeado pela abertura do Oceano Atlantico Sul durante a fase sin-rifte. Por
fim, o evento erosivo generalizado durante o Cretaceo tardio ao Paleoceno, foi conectado as
reativagoes tectonicas induzidas pela interagdo entre a flexdo da margem continental e os
esfor¢os compressivos intraplaca, transmitidos a partir dos limites da placa Sul-Americana. Nos
eventos Fanerozoicos, o papel da heranca litosférica parece ter sido decisiva nos processos de
exumacgao diferencial. A litosfera rigida do CSF provavelmente concentrou as reativagdes
Meso-Cenozobicas em zonas de fraqueza estreitas (e.g. rift Reconcavo-Tucano-Jatobd) enquanto
que o Orogeno Araguai exibiu uma extensa deformagdao Meso-Cenozoica. No Ordgeno Brasilia
ndo foram encontradas evidéncias de forte atividade tectonica Meso-Cenozoica, corroborando
hipbteses anteriores de que esse orogeno apresenta uma litosfera orogénica enrigecida que inibe
o retrabalhamento.

Palavras Chave: Orogeno Brasilia. Ordégeno Araguai. Exumagdo. Gondwana Ocidental.
Heranca litosférica.



ABSTRACT

The geological setting of Southeast Brazil comprises the Sao Francisco Craton (SFC) and its
marginal belts. These tectonic provinces were shaped during the Neoproterozoic—Cambrian
orogenic cycle which resulted in the West Gondwana amalgamation. During the Cretaceous,
the opening of the South Atlantic Ocean separated orogenic (e.g. Araguai Orogen) and cratonic
(e.g. Northeast SFC) lands from their African counterparts, whereas some mobile belts were
spared from this disruption (e.g. Brasilia Belt). The Phanerozoic tectonic evolution of this area
is rarely investigated, especially the portions far from the coast, since the SFC and its marginal
belts have been part of a fairly stable continental region since the Cambrian. Here, fifty apatite
fission-track (AFT) analyzes of samples from the Brasilia Belt, the SFC, and the Araguai
Orogen were reported. The AFT method is suitable to constrain time-temperature (t-T) paths of
the rocks in the shallow crust (2 to 4 km), allowing the determination of cooling phases that
may be related to tectonic reactivations. In the Brasilia Belt, fourteen samples display the AFT
central age ranging from 386 to 106 Ma and the mean track lengths (MTL) ranging between
10.8 to 13.5 um. In the SFC, twelve samples yield the AFT central age ranging from 160 to 344
Ma and the MTL ranging from 11.2 to 12.7 um. In the Araguai Orogen, twenty-four samples
present the AFT central age ranging from 210 to 53 Ma and the MTL ranging from 11.5 to 13.5
pm. Thermal models were performed from the dataset using the Markov Chain Monte Carlo
inversion. Three main periods of basement exhumation were identified: (i) Paleozoic, recorded
by samples from the SFC and the Brasilia Belt; (ii) Aptian to Cenomanian, recorded by samples
from the Aracuai Orogen; and (iii) Late Cretaceous to Paleocene, inferred in some samples
from all domains. The Paleozoic phase seems to be triggered by extensive erosion that was
probably induced by the tectonic extension during the rifting of continental crust in the context
of tectonic subsidence of the intracontinental basins, mainly Parana and Sanfranciscana basins.
The Aptian to Cenomanian cooling was linked with the uplift triggered by the opening of the
South Atlantic Ocean during the syn-rift phase. Finally, the widespread post-rift erosional
event, i.e. Late Cretaceous to Paleocene, was connected with reactivations prompted by the
interplay between flexural bending of the margin and the intraplate compressive stress
transmitted from the plate boundaries. Over Phanerozoic events, the role of the lithosphere
inheritance seems to be decisive to the processes of differential exhumation. The stiff
lithosphere of SFC likely concentrated the Meso-Cenozoic reactivations in narrow weak zones
(e.g. Reconcavo-Tucano-Jatoba rift) while the Aracuai Orogen displayed a far-reaching Meso-
Cenozoic deformation. The Brasilia Orogen seems to be an example of a stronger orogenic
lithosphere, inhibiting reworking, since it was not found evidence of strong Meso-Cenozoic
tectonic activity in this belt.

Keywords: Brasilia Orogen. Aracuai Orogen. Exhumation. West Gondwana. Lithospheric
inheritance.
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INTRODUCTION

In Southeast Brazil, Cambrian to Precambrian basement rocks from the Sao Francisco
Craton and its marginal orogens are the dominant outcrop lithology. These cratonic and
orogenic lands were shaped during the amalgamation of the supercontinent West Gondwana
between 640 and 500 Ma (Almeida et al., 2000; Campos Neto, 2000). The orogenic systems
encompass plate margins, micro-continents and intra-ocean magmatic arcs involved in the
collision processes (Almeida et al., 2000), also known as the Brasiliano orogenic cycle. The
Sao Francisco Craton basement was spared of the major tectonic effects of the Brasiliano
orogeny (Almeida et al., 1981). During the Phanerozoic, these terrains were part of the West
Gondwana hinterland until the onset of extensional processes that resulted in the break-up of
the paleocontinent and the opening of the South Atlantic Ocean.

During the Phanerozoic, the West Gondwana basement seems to have experienced
reactivations of pre-existing zones of lithospheric weakness during the subsidence of
intracontinental basins and the break-up taphrogenic efforts (Carneiro et al., 2012; Zalan, 2004).
On the Brazilian passive margin, a number of works have been constraining the time of
exhumation episodes using low-temperature thermochronology that revealed important post-
rift uplift events (e.g. Hackspacher et al., 2007; Japsen et al., 2012; Jelinek et al., 2014).
However, in the hinterland, the Phanerozoic tectonic activity of Sdo Francisco Craton and its
orogenic belts still poorly constrained.

Therefore, it 1s the aim of this study to contribute to the understanding of the Phanerozoic
tectonic evolution of Sdo Francisco Craton and two of its marginal belts, i.e. Araguai and
Brasilia orogens, in the Brazilian hinterland. The apatite fission-track (AFT) method is one of
the most successful applied tools to identify time-temperature paths of cooling events in the
shallow crust (2-4 km). Here, the AFT method is used in samples from these provinces to
produce a regional scenario of the basement thermal evolution, giving special attention to (i)
possible episodes of reactivation and (ii) the role of structural and lithospheric inheritance.

The first chapter introduces the localization of the samples, the AFT method, and the
geological background of the Phanerozoic events that are recorded in the study area. The second
chapter presents two manuscripts that deal with the AFT results, the discussions as well as the
conclusions provided by the acquired data set combined with the previous works. Finally, in

the third chapter, suggestions for future works are outlined.



CHAPTER1

1.1 — Localization, access and sampling

The study area includes the Minas Gerais and the Goiés states of Brazil. Three sampling
transects (southern, central and northern), approximately E-W oriented, were collected along
the roadside (Fig. 1). Table I presents the samples localization and the rock types. The access
was carried out by the major highways, leaving from Belo Horizonte. Where possible, the
distance between the outcrops was 20 to 30 km. This rule was not obeyed in occasions where

there were no suitable outcrops, especially in the portions dominated by Phanerozoic basins.
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Figure I- Road map of the study area, northwestern portion of Minas Gerais and eastern portion of Goids states.
Sample settings and access highways are highlighted.



Table 1- Sample settings: localization, height (m), lithology and access road.

SamplelZonel UTM E | UTM N |Height(m)| Lithology | Road
1 23K 487041 7658633 786 migmatitic hornblende gneiss BR381
2 23K 485651 7647333 870 granite BR381
3 23K 459456 7650665 919 biotite gneiss BR256
4 23K 445115 7656370 805 hornblende granite BR256
5 23K 421654 7649513 893 biotite gneiss BR491
6 23K 396015 7628074 793 pyroxene gneiss BR491
7 23K 357746 7640276 883 pyroxene gneiss BR491
8 23K 341333 7637703 972 pyroxene gneiss BR491
9 23K 311031 7643824 777 pyroxene gneiss BR491
10 23K 300002 7643042 791 granite BR491
S1 23K 783649 7708551 718 gneiss BR482
S2 23K 763340 7705845 1192 pyroxene granite BR482
S3 23K 744688 7710388 651 pyroxene granite BR482
sS4 23K 741204 7710778 614 biotite gneiss BR482
S5 23K 719099 7706238 619 biotite gneiss BR482
S6 23K 696895 7713612 615 biotite gneiss BR482
S7 23K 673748 7712850 663 biotite gneiss BR482
S8 23K 647881 7712193 722 biotite gneiss BR482
S9 23K 641770 7713499 738 biotite gneiss BR482
S10 23K 621654 7725349 926 biotite granite BR482
S11 23K 599879 7715475 878 biotite gneiss BR383
S12 23K 586740 7678105 1084 biotite granite BR383
S13 23K 560053 7692337 992 biotite granite BR494
S14 23K 527604 7674832 997 porphyritic basalt BR381
C1 23K 625776 7808729 855 migmatitic biotite gneiss BR381
c2 23K 673812 7819627 720 biotite gneiss BR381
Cc3 23K 688418 7825005 735 biotite granite BR381
C4 23K 705754 7817909 558 biotite gneiss BR381
C5 23K 715274 7825804 723 pyroxene gneiss BR381
Ccé6 23K 732416 7829342 262 biotite gneiss BR381
c7 23K 742405 7873447 242 biotite gneiss BR381
Cc8 23K 780959 7871563 197 amphibolite BR381
c9 23K 789129 7877833 208 biotite gneiss BR381
C10 23K 803151 7897111 204 porphyritic basalt BR381
Cl1 23K 807314 7900436 177 biotite gneiss BR381
C12 23K 813633 7905037 188 biotite gneiss BR381
C13 22K 803889 7982928 740 biotite gneiss BRO50
Cl4 22K 810265 7960084 748 migmatite BRO50
C15 23K 214728 7923680 856 biotite granite BR356
Cl6 23K 266200 7904132 884 biotite granite BR356
C17 23K 301046 7911513 1061 metaconglomerate BR356
C18 23K 465543 7812418 614 migmatite BR262
C19 23K 588101 7792332 851 biotite gneiss BR262
C20 23K 539596 7800683 850 biotite granite BR262
C21 23K 512529 7800315 682 biotite gneiss BR262
C22 23K 606835 7800359 859 biotite gneiss BR262
N1 23 K 773043 8144123 703 weathered gneiss LGM677
N2 23K 790025 8148567 631 biotite schist and pegmatite vein LGM677
N3 23 K 790054 8150858 557 tourmaline pegmatite LGM677
N4 23 K 800576 8159265 310 biotite granite BR342
N5 23 K 790290 8204597 445 greywacke BR342
N6 23 K 768893 8200254 751 greywacke BR251
N7 23 K 724118 8204759 832 weathered gneiss BR251
N8 23 K 713917 8199207 831 weathered gneiss BR251
N9 23 K 699219 8192887 915 weathered granite BR251
N10 23 L 538487 8302281 602 granite road to Bonito de Minas Community
N11 23L 530911 8307635 620 granite road to Bonito de Minas Community
N12 22K 794404 8122052 898 gneiss G0219
N13 22K 758747 8088995 758 milonitic granite G0450
N14 22K 728683 8095737 761 migmatite G0450
N15 22K 708259 8089088 705 migmatite GO450
N16 22K 680652 8091096 631 milonitic granite GO450
N17 22K 675023 8064481 666 ultramafic rock BR153

10
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1.2 — Method

Apatite Fission-Track (AFT) thermochronology fundamentals

Fission Tracks

Fission tracks are linear crystalline defects, resulted of nuclear fission process that form
amorphous channel in some insulating solid (detector). The fission can be spontaneous or
induced by neutron bombardment. Heavy atoms (Z>92) are susceptible to the spontaneous
fission process, occurring naturally in the isotopes of uranium and thorium. The majority of
observed tracks in natural materials are generated by U?*® decay, because the other uranium
isotopes are in order of 10° to 10° times less abundant than U?*%, and Th?*? is a monoisotope

with half-life 10%! times longer.
@
o

O O0OO0OO0OO0OO0OO 0000§oo

£FE
£
0L °0000o0 o oﬂooo " g O

o 0" " a,
‘O\ONQ\O.?—DOfO o t'k’oo’o o @o
U**fission
O O 00

O O0OO0OO0OO0OOO 0000

¢ d
©0o0o000O0 ooooof?x gngg

IONIZATION ELECTROSTATIC (& RELAXATION AND
DISPLACEMENT ELASTIC STRAIN

Figure 2- The three stages of track formation according to 'ion explosion spike' theory. lonization of the atoms
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The mechanism by the tracks are registered in crystals stills aim of debate (Chadderton,
2003; Durrani and Bull, 1987; Fleisher et al., 1975; Gleadow et al., 2002; Wagner and Van den
haute, 1992). The most widely accepted theory is the “ion explosion spike” mechanism (Fig.
2), proposed by Fleisher et al., (1975). The model assumes that the tracks are narrow (radius
<50 A), stable and have chemically reactive centers that are formed by displaced atoms. It
postulated that the passage of a heavy-ion at high velocity in the crystallographic array of a
dielectric solid is capable to ionize particles immediately next to the trajectory of this ion. The
ionization generates a positively charged center that automatically repels itself. Then the elastic
relaxation phenomenon decreases the local stresses, spreading the tension more widely. The
disorganization in the crystalline structure generated in this process is presented as

heterogeneities in the crystal. Eventually, the particles are decelerated by interaction with the
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solid. The distance traveled by the particle is called the range. The vectors of the ranges, coming
from the same fission, form a linear trait that is called fission track.

Dating

Each spontaneous fission-track is created by one atomic fission event, thus the track density
depends on the rate of fission decay (Asf = 8.46 x 1077 year '), the U?*® concentration and
time. If is viable to determine the ratio between the daughter product (fission track) and the
parent (U?*®), it is possible to calculate the age from which the tracks were preserved (fission-

track age).
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Figure 3- Schematic diagram comparing apatite crystal not etched and etched. The fission tracks on the crystals
are widened by etching. Surface track intersect the etched prism surface, not preserving its length completely.
Confined tracks are etched tracks which don’t intersect the etched prism surface, preserving its length completely.
TICLE is a confined track which intersects a crack or cleavage. TINT is a confined track which intersects a surface
track. (Adapted from Hurford, 2019).

The spontaneous track density is the record of the U®*® nuclides decayed through
spontaneous fission, thus it can be considered the daughter product. In apatite, a fission track is

originally 16 um long and, in natural state (latent tracks), only can be visualized with a
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transmission electron microscope (TEM), or an atomic-force microscopy (AFM), or a scanning-
electron microscope (SEM). Polishing and chemical etching (using HNO; for apatite)
procedures are required to widen the tracks and enable the observation in an optical microscope.
The chemical etching acts in the latent tracks that intersect the polished surface (surface tracks)
and the ones that intersect channels connected with the surface (confined tracks) (Fig. 3). The
channels that connect the confined track with the surface can be other tracks, forming the tracks-
in-track (TINT), or discontinuities, forming tracks-in-cleavage (TICLE) (Fig. 3). To dating,

only surface tracks must be counted.
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Figure 4- Experimental strategies employed for AFT method. (After Hurford and Green, 1982).

Regarding the parent factor, the U**® current concentration needs to be obtained. There
are direct and indirect methods to acquire this data (Fig. 4). The Laser Ablation-Inductively
Coupled Plasma-Mass Spectrometry (LA-ICP-MS) is the fastiest way to determine uranium
concentration directly (Hasebe et al., 2004) (Fig. 4). However, it is a very new technique that
still faces challenges to present precise results. The indirect path, presupposes that the natural
ratio between the two isotopes of uranium is known (I= 2*N/*¥N = 7.2527x1073, Cowan and
Adler, 1976; Steiger and Jager, 1977), so the U?*® concentration can be acquired inducing a
proportion of less abundant U?** isotope to fission. The irradiation is realized in nuclear reactors
with low to moderated thermal energy. How and where count the induced tracks depends on
which experimental strategy the analyst use. Population method is a multi-grain strategy that
uses different apatite aliquots to determine spontaneous and induced tracks (Fig. 4). The

irradiation is conducted in thermal reset apatites, with no spontaneous tracks. Then, the two
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groups of grains (one with spontaneous and other with induced tracks) are processed and
counted (Fig. 4). This method supposes a homogeneous uranium distribution in the grains and
between the aliquots, however it is frequently not true.

Here, the external detector method (EDM) (Naeser and Dodge, 1969) is used. The EDM
is a single-grain strategy such as the LA-ICP-MS approach, so the same grain gives information
about spontaneous and induced tracks. The apatite grains are polished, etched, and then they go
to the reactor with an external detector (industrial low-uranium muscovite) fixed against the
polished surface of the grains (Fig. 5). In the reactor, the 2*>U fission is induced and tracks are
registered in the detector, as a carbon paper. Tracks in the detector are etched with HF. The
track density is counted in the mica (induced track density - o;), as well as in the grains
(spontaneous track density - a;) (Fig. 5).

Spontaneous tracks

Latente tracks under the microscope
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Grain
etching

| External
detector
attachment

| |
'\ - / Irradiati
\\1‘ g ’]\’M/\Y‘ rra‘:. ion
L“—"—'\—A—/U\j Mica Induced tracks

\i; Z 221/ \ etching under the microscope
v

Figure 5- Schematic diagram of the procedures adopted in the EDM method.

Dating Equation

The AFT age, as in any isotopic dating method, can be calculated by the abundance of
the daughter product (Ng), the current abundance of the parent isotope (N;), the decay rate
constant (1) and time (t), by the equation:

Ny =Ny(e* —1) —eq.1
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As stated earlier, one fission track is the product of one fission event, thus the Ny
corresponds to the number of spontaneous fission tracks per unit volume (Ng= Ns) in the AFT

dating equation. The N,, is the number of remaining U per unit volume (N, = N***). The
uranium decay (4y) is the sum of alpha decay and fission decay (1y = A, + Af). Therefore, we

can reconstruct eq.1 as:

2
Ny = (ﬁ) NZ38(e2ut — 1) — eq.2

However, fission decay constant is much smaller than alpha decay constant (1, > Ay),

so it is possible to consider Ay = A,:

N, = (jL—F) N238(ghat — 1) —eq.2
a

In function of time, the equation becomes:
t =2, " In[(Aa/A:)(Ns/N?38) + 1] —eq.3

The EDM uses the induction of nuclear fission reaction in U** to indirectly measure

N?38_ The number of induced fission tracks per unit volume (N;), is given by:
N; = N3¢y,

where N235 is the number of U?** per unit volume, o is the cross section for induced nuclear

fission of U%* by thermal neutrons (580.2 x 10**cm?) and ¢, is the thermal neutron fluence.
Considering the ratio: (U235 /U?38 = | = cte), it is possible to write
N; = N**®la¢y,

and replace in eq.3:

t =2, ' In[(Ae/As)(Ns/NDIoDs, + 1] —eq. 4

Note that the eq.4 is in terms of the volumetric parameters N (tracks/cm?). Instead, the
data is acquired in areal density (p; tracks/cm?). Therefore, Fleisher et al., (1975) and Wagner
and Van den haute, (1992) derived the mathematical relationship between N and p, assuming
U homogeneous fashion in the detector, no preferential track orientation and constant track
length. The Figure 6 presents an O position, where the isotope suffers fission and create a latent

track of length [ = 2R;. Thus, the possible tracks define a sphere with radius R; and center O.
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Figure 6- Schematic model to a uranium atom at point O within a crystal lattice, situated at depth z beneath the detector
surface. A fission track with length | = 2R, is created, only tracks with upper ends in the gray zone of the sphere cut the
detector surface.

The number of nuclei situated within a layer of unit area and infinitesimal thickness dz at
distance z (< R;) below the considered surface is given by Nrdz. Z is the distance beneath the
detector surface until the center O. The track angle with detector surface (8) needs to be equal
or greater than arcsin (z/R)) to a track intersect a detector surface. The probability (P(z)) of
one track be under this condition is given by the ratio of the area of the sphere above the
considered detector surface to the area of the semi-sphere above the position O.

P(z) = 2nR;h/2nR;* = R;(R; — R;sin®)/R;* = (1 — sinb)

Thereafter, (1 — sinf)N¢dz is the number of tracks intersecting one surface and the areal

latent track density p; is:
Ry R
pL= (1 —sin@)Nsdz = f Ne(1—2z/R))dz = N¢R,/2 or Nel/4

0 0

In this case, it is considered tracks intersecting the surface that come from both sides of
the detector (4m-geometry). In EDM, induced tracks only result from one side (2r-geometry),

SO:
p1 = gNeR; or gNl/2
where g is a geometry factor that is 0.5 to EDM.

It is important to note that, on the procedures, the analyst counts the etched track and not

the latent tracks. The etching effects are corrected by the etching efficiency factor (n =
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revealed tracks/latent surface tracks). Another point to be considered is the observation
parameter (q), that is dependent of the researcher and the observation equipment (Wagner and

Van den haute, 1992). So, the areal density of revealed tracks is given by:
Pe = Nqpy = gN¢Renq or gNeleng/2
N /N; can be now written as:

Ns _ ps giRe,iMiqi

Ni B Pi gsRe,snsqs
Then, the geometry factor (G) and procedure factor (Q) are defined:
G=g9;/9; =05to EDM

R, iniq;
Re sMsqs

Q=
Finally, it is possible to rewrite eq.4 as:

t =2q ' I0[(2a/27)(ps/P)QGIghen + 1] — eq.5

Zeta Calibration

After all rearrangements that lead to eq.5, the parameters can be divided as the defined

constants: A4,Af, G, I, o or the experimental determined/measured properties: pg, p;, Q, @¢p.
Amongst them, A¢ is not well determined (Bigazzi, 1981; Van den haute et al., 1998) and Q and

¢ are very difficult to calculate accurately (Van den haute et al., 1998). In this scenario, the
empirical zeta calibration, based on analysis of age standards (Hurford and Green, 1983, 1982)
1s recommended (Hurford, 1990). ¢, is calculated by etched induced fission-track density on

U-doped standard glass (pg), irradiated on the same irradiation package.
$en = Bpg
where B is an empirical calibration constant.

Standards samples of known age (t,) are also irradiated with the glasses and samples with

unknow age (t,,). The age equations are given by:

ts = Ao In[(Aa/27)(ps/Pi)sQGIaB(pa)s + 1]
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tu =A¢ " In[(a/Ar)(ps/P)uQGIoB(pa)i + 1]
The zeta age calibration factor ({) includes the indeterminade paramaters:

_ QIoB
Ag

giving the following equation:
ts = Aa_l In[A¢(ps/Pi)sGS(pa)s + 1]
that can be rearranged as:

o efals—1
Aa(ps/pi)sa(pd)s

¢

All the parameters can be determinate or are known, thus the zeta can be calculated. Note
that on zeta definition, some of the components are dependent of the researcher and equipment.
So, it just can be used for the same researcher using the same equipment. Several ages standards
are used to do an averaged and generate an overall weighted mean zeta (OWMZ) (Hurford and
Green, 1983).

After the zeta determination, it is possible to calculate the unknow age:

ty = Aa_l In[A(ps/pi)uGS(pa)y + 1]

Where 4, is the alpha decay constant of U**® (1,=1.55125x10-10 a!, from Jaffey et al.,
1971; Steiger and Jager, 1977); ps and p; are superficial density of spontaneous and induced
tracks, respectively; G is geometry factor (G=0.5, for external detector method);  is the OWMZ
and pg is an interpolated value from the superficial density of tracks on the glasses after

irradiation.

In EDM around 20 grains are dated per sample. To crystalline rocks, it is expected that
all grain resided in same temperature conditions, experimenting same cooling rate. Thus, one
population age is also expected and can be reported as:

a) Central age: is the weighted mean of all grains log-normal distribution (Galbraith
and Laslett, 1993). The deviation of ages, confirming the unique population and the analytical

precision is quantified with chi-square statistic test.
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b) Pooled age: The densities of spontaneous (py) and induced (p;) tracks are acquired
with the sum of all spontaneous and induced tracks and areas in the grains, as they work as a
single grain (e.g. ps = (Nsg1 + -+ + Nsg19 + Nsgao) /(Asgr + -+ + Asgro + Asgz0) )-

c) Mean age: The densities of spontaneous (p) and induced (p;) tracks are acquired

with  the average ratio of all grains individual ratio (e.g. ps/p; =

(psgl/pigl + -+ psg19/pi919 + pngO/pigzo) /20)-

Track Stability and the Annealing

Since the beginning of fission tracks studies, the track stability was recognizing as
extremally sensitive with temperature. Processes of fading, shortening, and erasure of tracks
occur at certain temperatures and in a transition zone (Carlson, 1990; Donelick, 1991; Green et
al., 1986). In a smaller scale, other factors can influence the annealing, in particular, the
chemical composition (Ketcham et al., 2007a) and the crystallographic orientation (Donelick,
2005; Donelick et al., 1999). Annealing prevents the recovery of the daughter product above
~120°C in apatites, this zone is called total annealing zone (Fig. 7). Between ~120°C and 60°C
the shortening process is partial and not erases totally the tracks, so it is called apatite partial
annealing zone (APAZ) (Fig. 7). Below ~60°C all tracks are maintained and the zone is called
total stability zone (Fig. 7).

Dodson, (1979, 1973) defined the closure temperature (t.) in fission-track dating as the
temperature at the given time by its AFT age. After decades of researches, t. is considered
within the transition zone (i.e. APAZ) and it varies in function of several factors, such as the
cooling rate and the apatite composition. Even though ¢, is variable, it is always very low under
geological conditions and is achieved at the shallow crust (2 to 4 km). Thus, AFT age is also
reported as a cooling age and the method becomes a robust tool to low temperature

thermochronology.

Length Measurement and Thermal History

A rock can go through many paths after cross the total annealing zone in direction to the
surface (Fig. 7). During this time, fission processes generate tracks that can be annealed. One
track retained in the APAZ for a long time must be shorter than one track generated close to the
surface. If the rock resided more time on annealing conditions, more tracks will be shortening.
It implies directly on the cooling rate. For examples, a volcanic rock pass very fast through the
APAZ, resulting in long track lengths distribution (Fig. 7). Based on this principle, the track

lengths histograms and AFT age are used to model the low thermal history of the rocks
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(Gallagher, 2012; Ketcham et al., 2007a). The measurements of tracks need to be in confined
tracks because they present the totally length preserved (Fig. 3). Horizontal tracks are preferably
chosen, otherwise, the slope needs to be determined. Approximately 100 tracks are statistically
necessary to reproduce a reliable thermal history. Attention is necessary to measure track that
were totally etched (rounded tips). Additional constrains, as geological data or multi-method
approach, are also important to make the truthful models.

Time
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Figure 7- Schematic cooling curves and fission tracks length distribution. Curve 1 represents rapid cooling rock,
resulting in unimodal distribution with long fission tracks and low standard deviation. Curve 2 represents slow
cooling rock, tracks formed during residence in APAZ are partially annealed, the distribution is unimodal with
medium track lengths. Curve 3 represents a rock which was reheated, giving a mixed age and track-length mixed
distribution. Curve 4 represents a reset age, reheating of already cooled samples, giving bimodal length
distribution. (Hurford, 2019).

1.3 — Phanerozoic geological overview of Sao Francisco Craton and its
marginal orogens

Sdo Francisco Craton and its marginal orogens are located on the South American
Platform (Fig. 8), a stable continental region of South America not affected by Phanerozoic

orogenic events (Almeida, 1967). The stabilization occurred after Brasiliano/Neoproterozoic
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orogenic cycles, that resulted in the formation of West Gondwana (Fig.8). The oldest collage
event took place in the southwest margin of Sao Francisco/Congo Craton, around 630 Ma,
creating the southern of Brasilia Belt (Alkmim and Martins-Neto, 2001; Pimentel et al., 2004;
Valeriano et al., 2004). On the other side, around 580 to 540 Ma, the gulf between Sao Francisco
peninsula and Congo continent was closed, developing Araguai-West Congo Belt (Alkmim et
al., 2006; Pedrosa-Soares et al., 2001, 2007).

The Phanerozoic geological history of this region was pioneer defined and divided by
Almeida, (1969, 1967) and after updated by Zalan, (2004). The major phases described by
Zaléan, (2004) — Transitional Platform, Stable Platform and Reactive Platform (Fig. 8) - are

briefly presented here in time: Paleozoic and Mesozoic-Cenozoic.

Paleozoic

The Paleozoic Era started with the decrease and end of the tectonic pulses within the
marginal belts. During the Cambrian until the middle Ordovician, the Transitional Platform
phase was characterized by the end of the folding processes and predominance of brittle
structures, promoting, in this region, the platform stabilization and consolidation of West
Gondwana.

Afterward, two almost simultaneous events marked the onset of relative tectonic
quietness in Stable Platform phase: Parand Basin subsidence, next to Brasilia Belt, and
collisions on orogenic fronts on the south of the paleocontinent. Milani and Ramos, (1998)
suggested that the Parana Basin subsidence was influenced by these geodynamics cycles
(Events 1-4 on Fig. 8). They considered that the intraplate stress on the platform, generated by
the orogeneses on the southern border of Gondwana, caused reactivations of basement
weakness zones. During the basin sinking, Brasilia Belt worked as highland, limiting Parana
Basin and Sanfranciscana Basin, operating as source area.

Large Paleozoic Syneclises sub-phase is recorded by the Santa F¢é glaciogenic sediments
in Sanfranciscana Basin (Event 17 on Fig. 8) (Campos and Dardenne, 1997; Sgarbi et al., 2001)
and by three supersequences deposited in the Parand Basin (Events 10-12 on Fig. 8). Both
basins present pieces of evidence of an important glacial event that affected the southern South
America during the Carboniferous to the Permian (Limarino et al., 2014). The glaciogenic
fronts occupied the sedimentary rocks as well as the highland (see Buso et al., 2017; Caputo
and Crowell, 1985; Eyles et al., 1993; Griffis et al., 2018; Limarino et al., 2014; Montafiez and
Poulsen, 2013). South of Brasilia Belt was probably covered by some ice caps, however, there

are no strong evidence of ice caps in Sao Francisco Craton basement.
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Mesozoic and Cenozoic

The glacial period was followed by an increase in arid condition, in the end of the

Paleozoic. During the Triassic, extreme greenhouse conditions took place and marked the
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Mega-deserts sub-phase. In Parana Basin, Gondwana II Supersequence (Event 13 on Fig. §)
records semi-arid conditions in a fluvial environment (Zerfass et al., 2003). In general, it is
possible to point out that this entire period between the Ordovician and the Triassic was
tectonically stable, with no magmatism and pervasive deformational processes. Just some weak
deformation is found on Parand sedimentary layers, concentrated on zones above ancient
basement faults.

The Reactive Platform phase was more tectonically active and is defined with the
beginning of taphrogenic processes (rift systems, gulfs), that culminated in the total disruption
between South America and Africa in the Lower Cretaceous, resulting in the opening of the
South Atlantic Ocean. The Sdo Francisco Craton and the Araguai Belt was completely
individualized from its African counterparts. All events displayed in the Fig. 8 between 14-20
(after 220 Ma) were connected with the break-up. This phase is divided in Rifting and
Continental Drifting sub-phases.

In the S3o Francisco Craton, a stable behavior was prevalent. Restricted rifting and
sedimentation processes occurred in the western part and along costal area. During the
Cretaceous, the Abaeté graben opened through extensional reactivations following Precambrian
structures (Reis et al., 2017; Sawasato, 1995). The Areado, Urucuia and Mata da Corda groups
(Event 18, on Fig. 8) filled the depocenter. Magmatism was rare on the cratonic area and only
a few Jurassic diabase dikes intrude the Serra do Espinhaco rocks (Proterozoic).

Next to the south of Brasilia Belt, Jurassic widespread aeolian sedimentation (Event 14,
on Fig. 8) was partially covered and intertrapped by basalts of the Parand Large Igneous
Province (L.I.P) at 135 Ma (Event 15, on Fig. 8), in the face of the continental crust cracking
(Thiede and Vasconcelos, 2010). To the northeast of the basin, Brasilia Belt limited the flood
dispersion and remained in a steady condition until experience rearrangements during the
Cretaceous, that caused the reactivation of the Alto Paranaiba Arch. The region is an NW-SE
trend of structural high, where several alkaline magmatism intruded (Event 19, on Fig. 8). The
Alto Paranaiba Arch seems to have been reactivated afterward, mainly in the Upper Cretaceous
associated with dike’s intrusions, alkaline bodies, and kamafugitic lavas. The eruptions were
genetically related to the deposition of pyroclastic rocks of the Mata da Corda Group in the
Sanfranciscana Basin. Coeval sedimentation took place filling the Bauru Supersequence in
Parana Basin (Event 16, on Fig. 8). Batezelli and Ladeira, (2016) suggest a main role of the
Alto Paranaiba Arch reactivations to the sedimentation of both the Sanfrancisca Basin and the

Bauru Supersequence. However, Menegazzo et al., (2016) correlates the tectonic pulses and
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depocenter migration observed in Bauru deposits with the Andean tectonism (Events 5-7, on
Fig. 8).

In the Aracuai Belt, NW-SE trending basement lineaments of the Brazilian coast were
reactive at least two times in the Lower Cretaceous. Firstly, when they hosted tholeiitic dykes,
and secondely promoting rearrangements of normal brittle faults (Event 20, on Fig. 8) (Santiago
et al., 2019). The moviments are also connected with the sedimentation of the offshore basins
on Brazil eartern margin with sediments supply generation (Calegari et al., 2016; Lourenco et
al., 2016). Cenozoic onshore rifting basins occur next to the Aracuai Belt (Event 21, on Fig. 8).
They are: Gandarela and Fonseca basins, to the east of the Quadrilatero Ferrifero (Iron
Quadrangle); and basins that compose the Continental Rift of Southeastern Brazil (CRSB), to
the south. The CRSB presents multiples signs of Cenozoic reactivations in a transpression

regime (Riccomini et al., 2004).

2.4 - Sao Francisco Craton and marginal orogens AFT thermochronology
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Figure 9- Location map of the published AFT data in the Sdo Francisco Craton and marginal orogens. (Sao
Francisco Craton limits by Heilbron et al., 2017).
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Previous works using AFT thermochronology in the Sao Francisco Craton and marginal
orogens are presented in the Figure 9 and the AFT central ages calculated by them in the Figure
10. The majority of the studies were concerned with understanding the Brazilian continental
margin (Amaral-Santos et al., 2019; Amaral et al., 1997; Carmo, 2005; Harman et al., 1998;
Japsen et al., 2012; Jelinek et al., 2014; Turner et al., 2008; Van Ranst et al., 2020). Alkaline
intrusions were also target of Amaral et al., (1997) and Soares et al., (2016) studies.
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Figure 10- AFT central age map of the published AFT data in the Sdo Francisco Craton and marginal orogens.
(Sao Francisco Craton limits by Heilbron et al., 2017).

The AFT central ages in the coast range from Ordovician to Neogene. The data shows
that the response to the extension efforts of the opening of the South Atlantic Ocean during
Lower Cretaceous was not homogeneous (Fig. 10). The orogenic area of Araguai Belt registers
three thermal events: Lower Cretaceous, Upper Cretaceous and Paleogene-Neogene (Carmo,

2005; Jelinek et al., 2014; Van Ranst et al., 2020). In general, this region follows the expected
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model for passive margins in which there is an increase of the AFT ages from 30-90 Ma, in the
margin, to 200 Ma, in the continental hinterland (Carmo, 2005). The range of AFT young ages
shows that the sensu stricto rifting process is not the only responsible for the configuration of
the relief on the coast, thus post-rift reactivations events must have took place. The authors
suggest that the post-breakup reactivations can be explained by: (i) compression between
Andean subduction zone and the mid-Atlantic ridge (Jelinek et al., 2014; Van Ranst et al.,
2020), (i1) Extensive reburial and uplifts events (Japsen et al., 2012), and/or (iii) Isostatic uplift

caused by the sedimentation on offshore basins (Jelinek et al., 2014).

On the northeast coast, constituted by the lithosphere of the Sao Francisco Craton, the
cooling ages are older, ranging from Carboniferous to Lower Jurassic. According to Jelinek et
al., (2014), older events are related to the erosion of topography built during the Gondwanide
Orogeny during the late Paleozoic. The change in the value of the AFT ages for the cratonic
coast is evidence that the extensive efforts of the generation of the opening of the Atlantic Ocean

did not act in this region in a pervading way (Jelinek et al., 2014).
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CHAPTER 11

This chapter presents the two research papers produced from the acquired AFT dataset.
After the mineral separation, among the 63 samples colleted, 50 samples were selected to
proceed to the irradiation and following steps. The 13 discarded samples (2, 3, C5, C10, C13,
N1, N2, N6, N8, N9, N14, N15, N17) did not present apatite grains of adequate quality and
quantity for the AFT analysis. The “Article I”” present and discuss the results of 7 samples from
the Brasilia Belt (8, 9, C17, C16, C15, C14, N13), focusing in constrain the hitherto not
investigated exhumation history of this terrain. The “Article II” is based on the entire dataset
(50 samples) to discuss the main phases of Phanerozoic cooling in the Sdo Francisco Craton

and its marginal orogens.

2.1 — Article I: Paleozoic post-orogenic denudation of the Brasilia Belt of
West Gondwana: insights from apatite fission track thermochronology

Authors: Ana Carolina Liberal Fonseca®, Gabriella Vago Piffer?, Simon Nachtergaeleb,
Gerben Van Ranst®, Johan De Grave®, Tiago Amancio Novo?

AUniversidade Federal de Minas Gerais, Programa de Pos-Graduagdo em Geologia, CPMTC-
1GC, Campus Pampulha, Belo Horizonte, MG, Brazil

®Laboratory for Mineralogy and Petrology, Department of Geology, Ghent University, Ghent,
Belgium

Abstract:

The Brasilia Belt in southern Brazil is a Neoproterozoic orogenic belt that represents the
northern border of the Parana Basin, a long-lived early Paleozoic intracratonic basin. The belt
is surrounded by cratonic domains and were modestly affected and reactivated by the opening
of the South Atlantic Ocean during the Cretaceous. Here we present new apatite fission track
data from crystalline rocks of the Brasilia Belt. The apatite fission track central ages range from
386 to 243 Ma and the mean track lengths range between 11.4 and 13.7 pum. Thermal history
modeling reveals Paleozoic cooling, which we interpret as the main final exhumation of the
Brasilia Belt, implying that indeed the influence of posterior Mesozoic and Cenozoic
geodynamic history on the belt is limited. The Parana Basin and surrounding elevated terranes
therefore provide a time window to study the tectonic history of Gondwana and the effect of

far-field intraplate stresses on the interior of West Gondwana. Rapid basement exhumation of
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the Brasilia Belt is coeval with extension and tectonic subsidence in the Parana Basin as a result

of continent-scale tectonic forces occurring over entire West Gondwana.

Keywords: Low-temperature thermochronology, Erosional denudation, West Gondwana

basement, Pre-Andean orogenies, Parand Basin

1.Introduction

The West Gondwana paleocontinental basement was composed of Archean cratons and
Proterozoic lithospheric blocks, welded along Neoproterozoic — early Paleozoic orogenic belts
(Fig. 1). After its Paleozoic amalgamation, the basement experienced a transition to a stable
platform, where several large intraplate basins or syneclises, surrounded by elevated areas,
developed (de Wit et al.,, 2008). The subsidence of the syneclise depocenters was
contemporaneous with Pre-Andean southward-direct subduction of oceanic lithosphere of
Panthalassa and associated collision-accretion events, during the entire Paleozoic (Fig.1) (Du
Toit, 1937, 1927; Keidel, 1916). In the late Cretaceous, West Gondwana was affected by
progressing fragmentation, and eventually the South American and African continents were

separated due to the opening of the South Atlantic Ocean.

The basement cooling of the West Gondwana orogenic belts leading to the post orogenic
stability can be understood as the result of interplay between rock-uplift and tectonic forces
with erosional processes (e.g. Braun et al., 2006; Braun and Robert, 2005; Pazzaglia and Kelley,
1998; Reiners and Brandon, 2006; Spotila, 2005; Whipple and Meade, 2006). Erosive
denudation and sediment production pulses can be periodically renewed by tectonic
reactivation, drainage reorganization or climate changes (Fitzgerald et al., 1999; Zhang et al.,
2001). Isotopic chronometers, sedimentary record and tectonic evolution of adjacent
depocenters are fundamental tools to clearly understand how high-temperature rocks from the
crustal roots of orogenic belts are exhumed to the surface (Enkelmann et al., 2014; Fan and

Carrapa, 2014; Kasanzu et al., 2016; Tinker et al., 2008; Weber et al., 2004).

Geothermochronometric techniques, such *°Ar/*’Ar in potassium bearing minerals, or U/Pb
dating on zircon, titanite, and monazite are commonly applied to understand the long-term
bedrock tectonic evolution, providing time constraints in the medium to high temperature
window (e.g. Babinski et al., 2013; D’Agrella-Filho et al., 2011; Danderfer et al., 2009; Gresse
and Scheepers, 1993; Manhica et al., 2001; Nonnotte et al., 2008; Oliveira et al., 2010; Sims et

al., 1998; Tohver et al., 2010). Few researches have however investigated the further evolution



29

of the basement rocks in our study area towards ambient temperature. The difficulties lie in the
fact that data from low-temperature thermochronometers are very sensitive to reheating and
ancient orogenic belts are commonly thermally reset over time (Enkelmann and Garver, 2016;
Spotila, 2005). Besides, the erosional product information of ancient processes is highly
dependent on the preservation of the sedimentary record. The opening of the Atlantic Ocean
was responsible for the overprint of previous thermal history information embedded in the West
Gondwana bedrock. The Atlantic passive margin of South America and Africa was the subject
of a series of thermochronological works that highlight its post-rift thermal evolution (e.g.
Cogné et al., 2011; Oliveira et al., 2016; Gallagher et al., 1994; Green et al., 2018; Hueck et al.,
2017; Japsen et al., 2012; Jelinek et al., 2014; Krob et al., 2019; Van Ranst et al., 2020; Wildman
et al., 2015).

In the hinterland, restricted areas are able to retain their former cooling signals associated with
the evolution of the West Gondwana basement and add relevant data for understanding long-
term landscape dynamics (Reiners and Brandon, 2006; Spotila, 2005). The Brasilia Belt (Fig.1)
is such an example and was spared of major Phanerozoic tectonic events, remaining confined
between large cratonic blocks, mainly the Sao Francisco and Amazonia cratons (Valeriano et
al., 2008). This belt is a remnant of the Neoproterozoic orogen formed during the amalgamation
cycle that culminated in the ultimate formation of the Gondwana Supercontinent (Pimentel,
2016; Valeriano et al., 2008). After amalgamation, it worked as a paleohigh and source of
sediments for its intracratonic sedimentary basins that developed during the Phanerozoic, i.e.
mainly the Parana Basin in this case. This basin preserves seven-kilometer-thick of sedimentary
sequences (Milani et al., 2007). The post-orogenic cooling history of the belt is hitherto not

constrained by low temperature thermochronometers.

This paper presents results of low temperature thermochronometry, in particular Apatite Fission
Track (AFT) analysis, performed on seven basement samples from the Brasilia Belt, and will
be linked to the sedimentary basin evolution of the adjacent Parana Basin. With the new apatite
fission track data, it is attempted to further solve the outstanding research questions on the
Phanerozoic evolution of the region and the effects of the opening of the South Atlantic Ocean

on the Neoproterozoic orogenic lithosphere of the continental interior of South America.
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Figure 1: Geological context of the study area. A) Gondwana Supercontinent and the Phanerozoic accretions
(after Almeida et al., 1981). B) Schematic representation of West Gondwana basement, with the shields, cratonic
continental masses and Neoproterozoic-Late Paleozoic orogenic belts (after Tohver et al., 2006; Vaughan and
Pankhurst, 2008). C) Schematic representation of current tectonic subdivision of South America (after Almeida et
al., 1981). D) Geological regional map showing the location of analyzed samples in the Neoproterozoic Brasilia
Belt, the Alto do Paranaiba Uplift with the major alkaline intrusions (adapted from Gibson et al., 1995), the
Parand Basin supersequences (adapted from Milani and Ramos, 1998), the Sanfranciscana Basin (adapted from
Heilbron et al., 2017) and surrounding basement units.

2.Geological Setting
2.1 - Brasilia Belt

The Brasilia Belt comprises an Archean to Paleoproterozoic basement which, together with
Proterozoic metasedimentary rocks, a Paleoproterozoic juvenile magmatic arc (Goiés arc), and
Neoproterozoic granitic intrusions, is folded and thrusted toward the S3o Francisco Craton
(Fig.1B) (Pimentel et al., 2000). This tectonic unit is the result of the Neoproterozoic orogeny

during an early phase of the Gondwana Supercontinent amalgamation that consumed the large
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Goias-Pharusian ocean crust over a long time of between ca. 900 and 600 Ma (Brito Neves,
1999; Pimentel, 2016). It was formed due to the convergence of the Amazonia, Sdo Francisco-
Congo and Paranapanema paleocontinents (Pimentel et al., 2004). After the orogenic
construction the relaxation of the geothermal gradient took place during Cambrian to

Ordovician (Valeriano et al., 2008).

The transition through a relatively stable platform lasted until the Silurian-Devonian and was
characterized by the development of the large Paleozoic syneclises (Brito Neves, 2002; Milani
and Thomas, 2000), such as the Parana and Sanfranciscana basins (Fig. 1D). During the
Phanerozoic, the southern portion of the belt worked as a structural high that limited the
extension of the aforementioned basins (Sgarbi and Dardenne, 1996). The area was affected by
a glaciation and glacio-isostatic forces during the Carboniferous - early Permian. Paleocurrents
and paleo slope analysis on Parana Basin glacial sediments point to influx coming from the
Brasilia Belt (Eyles et al., 1993; Mottin et al., 2018). Moreover, in the Sanfranciscana Basin,
Carboniferous glaciogenic facies are located approximately 400 km northeast of the study area
with the Brasilia Belt as a possible source area as well (Mottin et al., 2018). In the Cretaceous,
the belt worked as a barrier to the advance of the Serra Geral volcanism in the Parana Basin,
also known as the Parana Large Igneous Province (L.I.P) (Sgarbi and Dardenne, 1996). Finally,
in the Late Cretaceous, the southern portion of the belt hosted alkaline magmatism related to
the breakup of West Gondwana (Riccomini et al., 2005). The region of magma emplacement
occurs in a positive tectonic feature known as Alto Paranaiba Uplift and covers our study area

(Fig.1D) (Hasui et al., 1975b).

2.2 - Parané Basin
2.2.1 -Sedimentary record

The Parand Basin is an intracratonic sedimentary basin (Fig. 1) developed during the late
Ordovician to Late Cretaceous. It covers an area of 1,500,000 km? and preserved sedimentary
sections up to 7 km (Milani et al., 2007). Milani et al., (1994) recognize six supersequences,
mainly composed of siliciclastic and volcanic rocks: with at the base the Rio Ivai (Ordovician-
Silurian), Parané (Devonian) and Gondwana I (Carboniferous - Late Permian) supersequences
representing major Paleozoic transgressive-regressive cycles, whereas, on the top, Gondwana
IT (Triassic), Gondwana III (Early Cretaceous) and the Bauru (Late Cretaceous) supersequences

are fully continental packages (Fig. 2).
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The Rio Ivai and Parana supersequences correspond to a succession of sandstones,
conglomerates and black shales, recording marine sedimentation (Fig. 2). They are truncated
by a regional unconformity marked by glacial pavements, that indicates advances and retreats
of Gondwana ice caps during the Carboniferous (Linol et al., 2015). The accumulation of the
Gondwana I Supersequence started during de-glaciation episodes. The thick glaciogenic
package (1.5 km) is composed of diamictites intercalated with sandstones and shales,
sedimented in both glacio-terrestrial and glacio-marine environments (Milani and De Wit,
2008). The marine nature of the sediments is supported by the overall presence of Tasmanites

and acritarchs (Daemon and Quadros, 1970).

The continued deposition of the Gondwana I Supersequence registers a progressive and
irreversible closure of the Parand Basin. The onset of the closure, forming a restricted water
circulation between the basin and the Panthalassa Ocean, is evidenced by the presence of
evaporites and carbonates to the north of the basin and bituminous shales to the south (Milani
etal., 2007). Successively, the upper portion of the supersequence, the late Permian sedimentary
record (Rio do Rastro Formation), represents the first part of entirely intracratonic terrigenous

sedimentation in the Parana Basin (Fig. 2), in a deltaic environment.

Triassic, and Jurassic deposits from Gondwana II and Gondwana III supersequences show
increasingly hotter and more arid conditions in a paleo-desert environment near the center of
West Gondwana (Milani and De Wit, 2008). During the Early Cretaceous, the basin was
overlain by a large flood basalt (Parand L.I.P) (Renne et al., 1992; Thiede and Vasconcelos,
2010) related to the opening of South Atlantic Ocean and break-up of the supercontinent.
Finally, in the Late Cretaceous, the sedimentation of the Bauru Supersequence changed to a

semi-arid setting (Fig. 2).

2.2.2 -Subsidence

The development of the Parana Basin above a cratonic nucleus was only better understood after
drill core analyses and geophysics studies, since the cratonic basement only occurs in the
subsurface. The basin sediments are underlain by the Paranapanema block, characterized by a
fragmented cratonic root (Julia et al., 2008; Milani and Ramos, 1998). Several studies have
focused on presenting models for subsidence of the basin. Zalan et al., (1990) and Milani and
De Wit, (2008) describe tectonic subsidence curves that highlight the highest rates between the

Ordovician to Devonian and late Carboniferous to Early Triassic (Fig. 2).
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Figure 2: Parana Basin development from the Ordovician to the Cretaceous. Subsidence rates from Linol et al.,
(2015); Milani and De Wit, (2008); Zalan et al., (1990). Major geological events and sedimentary record from
(Milani et al., 2007). Subsidence history proposed by Linol et al., (2015); Milani and De Wit, (2008); Milani and
Ramos, (1998); Quintas et al., (1999); Zalan et al., (1990).
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Zaléan et al., (1990) in the first efforts to understand the Parand Basin subsidence, pointed out
three majors phases: Silurian - Devonian, Permian - Carboniferous, and Late Jurassic - Early
Cretaceous, which define three different basins. The authors propose that the initial depression
started in response to the cooling of the Gondwana shield after the Neoproterozoic orogeny by
regional thermal subsidence. The second phase was triggered in response to a large glaciation
event by a combination of stretching and rifting of the crust with associated flexure. The third
phase coincides with cooling of the Parand L.I.P. (Oliveira, 1989; Quintas et al., 1999; Zalan et
al., 1990).

On the other hand, Milani and Ramos, (1998) from the analyses of tectonic subsidence curves
(Fig.2) and the Phanerozoic geodynamics cycles of southwestern Gondwana (Fig. 1A), revealed
a close relationship between the subsidence episodes and the orogenic efforts. In this model,
the basin was affected by persistently active convergence between the Gondwana
Supercontinent and the oceanic lithosphere of Panthalassa, in the Famatinian and Gondwanic
cycles (Linol et al., 2015; Milani et al., 2007; Milani and De Wit, 2008). In the Ordovician,
transtensional basement reactivation in response to the Ocloyica Orogeny led to the initial
subsidence (Milani and Ramos, 1998). Analysis of seismic reflection and other geophysical
studies show that the first depressions occurred along a NE-SW trend along weakened zones in
the cratonic roots (Julia et al., 2008; Milani et al., 2007). In the Devonian until the late
Carboniferous, an accelerated subsidence in the foreland domain took place, and is related to
lithospheric flexure by the onset of the Precordilleran Orogeny. Lower subsidence rates (5-10
m/Ma) during the Carboniferous to Triassic occurred in response to the aforementioned
deglaciation event. Then a new period of accelerated subsidence (10-20 m/Ma) started in the
late Permian and is coeval with the Chanic and Sanrafaelic orogenies. In the Mesozoic the
subsidence rates are considerably lower. The Gondwanic Orogeny was over and the basin found

itself trapped inside the continent.

3. Analytical procedures

Seven samples for Apatite Fission Track (AFT) analysis were acquired from the Precambrian
crystalline rocks from the Brasilia Belt at the northeastern border of Parana Basin (Fig. 1).
Details of sample lithology and geographical locations are provided in Table 1. The samples
were crushed and sieved to retain the sand fraction. Apatite grains were separated by

conventional panning, magnetic separation, heavy-liquid and hand-picking protocols. They



35

were mounted in Struers CaldoFix-2 epoxy resin (~200 grains per sample mount). The mounts
were polished using diamond suspension (6 um, 3 um and 1 um). Apatite grains were etched
for 20 s in 5.5 M(mol/L) HNOs3 solution at 21°C to reveal the spontaneous fission tracks
(Donelick, 1991). All mineral preparation procedures described above were performed in
Centro de Pesquisas Professor Manoel Teixeira da Costa (CPMTC), at the Federal University
of Minas Gerais, and the Laboratory for Mineralogy and Petrology (Department of Geology) at
Ghent University (e.g. Van Ranst et al., 2020).

Table 1: Sample locations (in World Geodetic System — WGS84) and rock types.

SAMPLE GENERAL FEATURES

Code Long (W) | Lat (S) Elevation (m) | Rock type

8 46.5302 21.3558 | 972 coarse grained pyroxene gneiss
9 46.8217 21.2976 | 777 coarse grained pyroxene gneiss
Cl4 48.0631 18.4268 | 748 biotite bearing migmatite

C15 47.7057 18.7589 | 856 biotite granite

Clo6 47.2202 18.9419 | 884 biotite granite

C17 46.8889 18.8789 | 1061 metaconglomerate

N13 48.5663 17.2696 | 758 mylonitic granite

All samples were analyzed with the external detector (ED) method (Hurford, 1990) using
thermal neutron irradiation and following the standard procedure used at Ghent University (e.g.
described by De Grave et al., 2011; De Pelsmaeker et al., 2015; Glorie et al., 2010; Nachtergaele
et al., 2019). Irradiation was performed at the Belgian Reactor 1 (BR1) facility of the Belgian
Nuclear Research Centre in Mol. The IRMM-540 dosimeter glass (de Corte et al., 1998) was
used to monitor the thermal neutron fluence. Durango and Fish Canyon Tuff apatite age
standards were also irradiated and stacked in between the samples at regular distances, to be
used for zeta-calibration method (Hurford and Green, 1983). After irradiation, induced tracks

were revealed in the muscovite ED with 40% HF for 40 min at 20°C.

Fission track density was obtained by counting tracks of 20 or more apatite grains for each
sample using the motorized Nikon Eclipse Ni-E microscope with a DS-Ri2 camera attached, at
a 1000x magnification (Van Ranst et al., 2020). Calculations used the overall weighted mean
zeta (OWMZ) value of 249.1 + 5.5 a-cm? (Analyst Gabriella Piffer) and 254.6 = 8.8 a-cm?
(Analyst Tiago Novo) based on multiple Durango and Fish Canyon Tuff apatite age standards.
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The ages are reported as central ages and pooled ages in Table 2. Central ages were obtained
using “IsoplotR” software (Vermeesch, 2018). Chi-squared test (%?) was used as a homogeneity

test (Galbraith, 2005, 1981; Galbraith and Laslett, 1993; Green, 1981).

Table 2: Basement apatite fission track analysis results; n is the number of analyzed grains. ps and p; are the
densities of spontaneous (apatite) and induced tracks (in muscovite external detector), respectively. py are
interpolated values of the density of induced tracks in the external detector irradiated against regularly spaced
Uranium-doped glass dosimeters (IRMM-540) in the radiation package. All densities expressed in 10° tracks/cm’.
N and N; are the number of spontaneous and induced tracks, respectively. Ny is the interpolated value of number
of induced tracks in the external detector stemming from co-irradiated glass dosimeters (IRMM-540). P(y’) is the
chi-squared probability that the dated grains have a constant ps/p; ratio. t({) is the apatite fission track central
age (Ma) and t,({) is the fission track pooled age. I, is the mean track length, o is the standard deviation of the
track length distribution, obtained by measurements of the number (n) of limited natural horizontal tracks; A is
the analyst (G- Gabriella Piffer {=249.0915.53 a.cm? T- Tiago Novo { =254.63+8.81 a.cm?).

SAMPLE
Code n ps (x10) N pi (xt1o) Ni ?ilc) Ny P(x2) | t(©) t(6) Im n o Dpar
p 5.818

25 | 15.481(0.308) | 2524 | 3.250(0.140) | 542 | (0.075) | 5957 | 0.20 337+21 391+23 12.2 | 80 1.3 | 1.50
9 5.807

20 | 5.780(0.170) 1156 | 1.070(0.073) | 214 | (0.075) | 5967 | 091 386 +31 421433 | 135|100 | 1.2 | 1.70
Cl4 5.764

20 | 23.620(0.473) | 2491 | 5.419(0.225) | 579 | (0.106) | 2953 | 0.48 302+ 16 33718 | 12.1 | 105 | 1.2 | 1.95
Cis 5.766

3 28.298(1.636) | 299 7.245(0.820) | 78 (0.106) | 2954 | 0.25 269 + 37 274 £ 36
Cl6 5.769

20 | 28.350(0.493) | 3302 | 6.230(0.231) | 729 | (0.106) | 2940 | 0.36 318+17 32616 | 12.0 | 105 | 1.2 | 1.91
C17 5.781

7 14.702(0.798) | 340 3.203(0.367) | 76 (0.106) | 2955 | 0.24 314 +41 335+44
NI3 5.827

20 | 30.056(0.679) | 2024 | 9.005(0.370) | 592 | (0.107) | 2985 | 0.50 243 +13 258+14 | 11.4 | 100 | 1.8 | 2.07

Where possible, confined track lengths and the angle between the track and the crystallographic
c-axis were measured. Approximately 50 to 100 confined (sub)horizontal tracks in each sample
were measured to construct an AFT length-frequency distribution. Thermal history modelling
was performed using QTQt software (Gallagher, 2012) on samples with sufficient number of
lengths (more than 50). The Markov Chain Monte Carlo search method for inverse modeling
with 10° post-burn in iterations was used. The time-temperature (t-T) prior was set to the (oldest
age + oldest age) to time, 70 + 70 °C to temperature and 25 + 20°C as present-day temperature.
Dpar values were determined as the mean of 100-200 etch pit diameter per sample using a
custom-made image recognition protocol within NIS Elements (Van Ranst et al., submitted)

and was used in the multi-kinetic annealing model (Ketcham et al., 2007b) by QTQt.
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4.Results

The results of seven apatite fission track (AFT) analyses are shown in Table 2 and
geographically displayed in Fig.3. All samples pass the chi® test of homogeneity. The AFT
central ages range from Devonian, 386 = 31 Ma (sample 8) to Triassic 243 + 13 Ma (sample
C15). Samples C15 and C17 contained less than 20 analyzable apatite grains, therefore they are
not used for in depth discussion, although they corroborate the results of the other samples. In
the age-elevation plot (Fig. 4), in general, a clear normal trend, i.e. older ages at higher
elevations, is found, although one or two outliers are present. Fragmentation of the profile due
to the intricate local fault network is probably responsible for the latter. The track-length
distribution is unimodal and quasi symmetrical for all samples (Fig. 5), except for sample N13
that shows a broad slightly asymmetric distribution. The mean track length (MTL) ranges from
11.4 pm (sample N13) to 13.7 um (sample 9) and standard deviation from 1.2 (sample C14) to
1.8 (sample N13). While for example sample 9 shows rather long track lengths, typical of rapid
basement cooling, in most cases clear thermally induced track length reduction associated with
prolonged residence time in Apatite Partial Annealing Zone (APAZ). APAZ is the temperature
window between 60-120°C in which tracks accumulate but progressively shortened (e.g.

Ketcham et al., 2007a; Wagner and Van den haute, 1992).

It is possible to see a relationship between the AFT central age and MTL as the half part of a
boomerang trend (Fig. 6, Green et al., 1986). Sample 9 would represent the exhumation peak
in the Devonian with longer track lengths, indicative of fast cooling through the APAZ (Carlson
et al., 1999; Gleadow and Duddy, 1981; Green et al., 1989, 1986; Wagner and Van den haute,
1992). The other samples tail mixed signature with shorter track lengths and Carboniferous to

Early Triassic ages and represent part of an exhumed APAZ.

Five thermal history models were generated by using the QTQt software (Gallagher, 2012)(Fig.
5). Dpar measurements range from 1.5 to 2.1 um. The angle measurements of confined fission
tracks and the apatite c-axis (Ketcham et al., 2007b) was also applied. Sample 9 shows the
fastest Paleozoic cooling, starting around ~500 Ma and remaining stable in the Mesozoic and
Cenozoic. Sample 8 initially cooled to ~50°C around 400 Ma and after that maintained the same
almost constant cooling rate (0.1°C/Ma) up to present surface temperatures. The model for
sample N13, the northernmost sample from Parana Basin, shows a Paleozoic cooling until 250
Ma when the rock went from ~110 °C to ~70 °C. During the Mesozoic it remained in the
temperature below 85 °C until ~100 Ma, when it underwent the final main cooling event until

reaching present ambient temperatures. Models from samples C14 and C16 present similar
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results, both experienced relatively fast cooling, ~120°C to 40°C between ~420 Ma to ~250 Ma,

and afterward a relative stability in 50°C to 30°C. Both models display a Neogene-Quaternary

rapid cooling. Most likely, this episode is a well-known artefact (Jonckheere, 2003). So, we

chose to reject it because we have no further arguments from other geological data.
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Figure 3: Simplified geological map of the study area with indication of the sample locations, central AFT ages
(in Ma), and Mean Track Lengths (MTL) (in um). (Geological map from Valeriano et al., 2008). For general
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Figure 5: AFT data from samples N13, Ci14, C16, 8 and 9. Radial plots of AFT central ages, dispersion and the
P(y?) test were calculated with IsoplotR software (Vermeesch, 2018) and presented in the first column. Track
length histograms showing number of measured tracks (n), the MTL (L.,) and standard deviation (o) are presented
in the second column. Thermal history models reconstructed using the QTQt software (Gallagher, 2012) and the
(Ketcham et al., 2007b) algorithm are presented in the third column.



40

rapid cooling
through PAZ 9

E 13+
=5
E g
=12+ n=
C14
protracted C16

residence
inPAZ F®IN13

11 1 | 1 1 1 1 1 1 ]
0 50 100 150 200 250 300 350 400 450

AFT Central Age (Ma)

Figure 6: AFT age vs. MTL or “boomerang” plot (Green et al., 1986) of the Brasilia Belt basement samples. See
text for details.

5.Discussion
5.1 - Paleozoic Brasilia Belt exhumation and Parana Basin subsidence

The thermochronological analyses of samples from the Brasilia Belt not surprisingly, show
cooling ages (central AFT ages) younger than the Neoproterozoic formation of the belt (900-
600 Ma) (Pimentel, 2016), but clearly older than the West Gondwana break-up in the early
Cretaceous (Mizusaki et al., 1998). The AFT central age versus MTL plot and thermal history
models from samples 8, 9, C14, C16 and N13, indicate fairly rapid cooling of the Brasilia Belt
basement below temperatures of ~120-40°C already during Paleozoic times, mainly around
350-400 Ma (Fig. 6). Samples 8 and 9 show the earliest cooling phase (before 400Ma). This
data indicates that exhumation of the current basement was already mostly attained at the end
of the Paleozoic and that no or little posterior events have significantly affected the Brasilia
Belt basement since then. Further, this data also suggests a possible link between the Paleozoic
cooling event of the Brasilia Belt, its erosion and the influx of sediments into adjacent basins,
in this case in particular the Parana Basin. The Parana Basin subsidence history was influenced
by multiple pulses caused by Gondwana geodynamic cycles (Milani and Ramos, 1998). The
tectonic subsidence curves (Fig. 7) show that the phases with the highest rate of accommodation
and space generation also occurred in Paleozoic times, between the Ordovician (~450 Ma) and
the Early Triassic (~240 Ma), i.e. coeval with basement cooling as indicated in our data.
Reactivations and uplift through pre-Paleozoic structures could have been triggered by the
tectonic extension generated during the subsidence through rifting processes (e.g. Glorie et al.,
2012). Among all tectonic pulses, the MTL versus central age plot (Fig. 6) shows that the
highest cooling rate through the APAZ occurred in late Paleozoic times. It suggests that the
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Famatinian Orogeny that is deemed responsible for the break-up of the Paranapanema Craton
(Fig. 1B) and the Parand Basin formation, substantially affected the Brasilia Belt basement,

indeed provoking its rapid exhumation.
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Figure 7: Time relationship between the major Phanerozoic events that affected West Gondwana, our thermal
history models obtained by QTQt (Gallagher, 2012) and the subsidence rates of the Parand Basin (Linol et al.,
2015; Milani and De Wit, 2008; Zalan et al., 1990). The thermal histories are shown with their Expected Model
line as exhibited in Fig. 4.

However, uplift alone cannot cause isotherm suppression and basement cooling, and hence
denudational processes are evidently required. Erosional denudation is the most probable link
between tectonic uplift and other processes, including chemical weathering, sediment
production, transportation and deposition in the nearby depocenters (Reiners and Brandon,
2006). The previous paleocurrent data of the first three supersequences (Rio Ivai, Parand and
Gondwana I) of the Parana Basin (Alessandretti et al., 2016; Assine, 1999; Assine et al., 1998;
Gesicki et al., 2002; Lobato and Borghi, 2005; Mottin et al., 2018; Scherer and Lavina, 2006)
points to the Brasilia Belt as a possible source area, as well as the fact that U-Pb detrital zircon
data of Carboniferous to Triassic sedimentary rocks show significant contributions from the
Neoproterozoic belts (Canile et al., 2016). Therefore, the provenance analysis agrees with the
proposed hypothesis that the basement denudation in the northern sector of the Parana Basin

has been active since the deposition of the Rio Ivai Supersequence. Up to the end of the
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Paleozoic, erosion processes may have actively contributed to the basement exhumation and
the associated deposition of more than 5,000 meters of sediments in the Parana Basin (Milani

etal., 2007).

Furthermore, during the late Paleozoic, West Gondwana was subjected to glaciation and was
covered by ice caps (Buso et al., 2017; Caputo and Crowell, 1985; Eyles et al., 1993; Griffis et
al., 2018; Montanez and Poulsen, 2013; Mottin et al., 2018; Visser, 1987), which provoke
important changes on the nature of the surface processes and tectonic readjustments (Milani et
al., 2007). Paleocurrent data and the position of the Brasilia Belt between two Carboniferous
glacial deposits (in Parana and Sanfranciscana basins) show that glacial fronts probably resided
in our study area (Eyles et al., 1993; Mottin et al., 2018). The glacial erosion can be one or two
orders of magnitude higher than its fluvial counterpart (Hallet et al., 1996), substantially
increasing the denudation rates. Moreover ice-proximal marine environments, such as the
Carboniferous Parand Basin (Fig.8), are even more susceptible to readjustments and isostatic
subsidence promoted by relative sea-level drop and isostatic rebounds induced by glacial retreat
(Boulton, 1990; Powell and Cooper, 2002). Reiners and Brandon, (2006) show a clear
correlation between low temperature thermochronology signals in bedrock and regional glacial

activity.

Thereby, the results suggest that after Paleozoic exhumation episode, samples 8, 9, C14, and
C16 were part of a stable continental interior and they were not significantly affected by reburial
or tectonic and thermal processes related for example to Gondwana break-up, or Cretaceous

alkaline intrusions.

5.2 - Post-Paleozoic stability of the Brasilia Belt

AFT thermochronometry from the Brasilia Belt basement shows that most of the samples
experienced a long period of stability during the Mesozoic and Cenozoic. Thus, we can suggest
that from that time, these rocks slowly cooled to ambient temperatures as they were exhumed
to near-present surface positions were they still reside today. The post-Paleozoic stability of the
study area can be explained by taking into account several factors. During the Mesozoic, the
Gondwanic Orogeny ceased and the Parana Basin subsidence rates became considerably slower
(Milani and Ramos, 1998). The Parand Basin was trapped in the then arid interior of the
Gondwana Supercontinent, changing to a continental base level. According to e.g. Bishop,
(2007) the arid climate slows the landscape evolution to very low rates of denudation. Thus, the

environmental situation and the Mesozoic-Cenozoic shallower depocenters induced
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significantly less of erosional forces after the Paleozoic, hence slowing down or halting
measurable erosional denudation. The thinner sedimentary packages observed in the adjacent

basins during this time (Milani et al., 2007) support this hypothesis.

The modeled t-T path of sample N13 shows a more complex thermal history, which includes a
possible reheating during the Mesozoic and a basement cooling episode starting approximately
at 100 Ma, until the present surface temperatures. Along the northeast edge of the Parana Basin,
the emplacement of Late Cretaceous alkaline intrusions associated to deep mantle thermal
anomalies (Ernesto, 2005) could be invoked as a reheating source. However, it is unlikely that
this event affected only sample N13, which is the furthest from these intrusions (see in Gibson
et al., 1995). It is also possible to observe that around the well-studied alkaline intrusion of
Pogos de Caldas, thermochronological analyses do not show evidence of reheating in the
country rocks close to the alkaline intrusion (Cogné et al., 2011; Doranti-Tiritan et al., 2014).
Thus, it is more reasonable to suggest reburial of these rocks by Parand Basin sediments,
followed by Cretaceous denudation to explain the possible reheating event. The reburial and
renewed denudation could then be related to differential reactivation of regional structures as
response to the changing stress-field associated with either the emplacement of the alkaline
intrusions and/or to the extension accompanying the South Atlantic opening. New incisions and
fluvio-alluvial erosion promoted by the adjustments during the Cretaceous possibly generated
sediments deposits in the adjacent basins, as suggest by Batezelli, (2017) and Milani et al.,
(2007) for the Bauru Supersequence of the Parand Basin or Campos and Dardenne, (1997) and
Uhlein et al., (2011) for the Sanfranciscana Basin (Fig. 8).

5.3 - Paleozoic denudation of West Gondwana

Previous thermochronological research on late Paleozoic-Precambrian lithosphere of ancient
West Gondwana terrains reveal significant Paleozoic exhumation (Fig.7; Bicca et al., 2013;
Borba et al., 2002, 2003; Doranti-Tiritan et al., 2014; Oliveira et al., 2016; Enkelmann et al.,
2014; Jelinek et al., 2014; Kasanzu, 2017; Kasanzu et al., 2016; Krob et al., 2019; Ribeiro et
al., 2005; Souza et al., 2014). The authors gave similar suggestions to explain this period of
cooling, relating their thermochronological results with far-field compressional tectonic
processes from the Famatinian and Gondwanic cycles and the generation of adjacent

sedimentary basins.
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South Atlantic Ocean with emergence of coastal basins and emplacement of alkaline intrusions in the hinterland.
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Tankard et al., (1995), Linol et al., (2015) and Milani and De Wit, (2008) propose a shared
genetic history for three of the most extensive West Gondwana basins: Parana, Congo and,
Cape—Karoo basin (Fig. 7), based on regional stratigraphic correlations and their similar
subsidence history. The authors suggest that during the Paleozoic the basin subsidence were
linked and coupled to the Famatinian and Gondwanic evolution. In the Early Paleozoic, they
evolve into a single, truly intracratonic basin until the Early Cretaceous disruption and opening
the South Atlantic Ocean (Linol et al., 2015; Milani and De Wit, 2008). This work and previous
results indicate that basin basement denudation in surrounding uplifted areas in West Gondwana

could be induced by the same geodynamic events.

Thus, the Paleozoic subsidence-exhumation cycle along West Gondwana seems to be driven by
Famatian and Gondwanic collisions and their distal effects inside the continent (e.g. depocenter
generation). In addition, Late Paleozoic widespread glaciation in Gondwana (Lopez-Gamundi
and Buatois, 2010) probably boosted the basement cooling considering the larger glaciogenic
erosive potential. It shows that surface processes were intimately connected to tectonic events
and, during this time, it could have acted on a broad regional scale. In this sense, the Paleozoic
seems to have been an essential period of relief changes with high denudation rates in the entire
southern sector of West Gondwana. Moreover, the stability of Precambrian - Late Paleozoic
basement since the end of the Gondwanic orogeny is an indicator that the Paleozoic processes

have had far more influence on these areas than the Pangea fragmentation.

AFT, and low-temperature thermochronometry in general, applied to stable cratons or platforms
such as the Brasilia Belt or the Tanzanian Craton for example, shows great potential to gain a
better understanding of their tectonic evolution, sediment provenance and topographic

development.

6. Conclusions

Our new AFT data in addition with the thermal history modeling of the Neoproterozoic

basement of the Brasilia Belt allow us to draw the following conclusions:

e Relatively fast post orogenic cooling occurred during the Paleozoic (~400-350 Ma)
in the Brasilia Belt. The exhumation of the southern portion of the belt was
associated with the effect of tectonic extension during the breakup of cratonic
lithosphere that generated the subsidence of the Parana Basin. The Brasilia Belt, that

worked as a paleo high, was a source of for the clastic sedimentation found in the
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Parana Basin and therefore agrees with our new data on the exhumation history of
the Brasilia Belt. During the Carboniferous-Early Permian, glacial processes might

have contributed to increasing the denudation rates.

e In the Mesozoic, the Gondwanic orogeny ceased, decelerating the tectonic
subsidence of the Parana Basin. The changing arid environment also may have
reduced the erosional processes and, as a consequence, the erosional denudation of
the basement. The Brasilia Belt remained in relative stable conditions from the

Mesozoic until the present day as evidenced by our thermal history models.

e Evidence of significant Paleozoic exhumation across the basement of West
Gondwana has been progressively revealed through thermochronological studies. It
could be interpreted as a regional denudation of the bedrocks induced by the
generation of depocenters on the continent during this time. Famatinian and
Gondwanic orogenic cycle are pointed as the main responsible for the widespread
subsidence, like in the Parand, Congo and Cape-Karoo basins (Linol et al., 2015;

Milani and De Wit, 2008).

e The Brasilia Belt is a key region to understand the Pre-Mesozoic tectonic history of
West Gondwana, due to the lack of regional reheating events or strong denudation
after the Paleozoic. Due to its “protected” position, the basement has retained its

Paleozoic exhumation signals.

e Further study using a multi-thermochronological approach is recommended to

improve the resolution of the thermal history models.
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Abstract:

The Sdo Francisco Craton (SFC) and its marginal Aracuai and Brasilia orogens exhibit a
significant diversity in their lithospheric architecture. These orogens were shaped during the
Neoproterozoic—Cambrian amalgamation of West Gondwana. The rigid cratonic lithosphere of
the SFC and the relatively weak lithosphere of the Araguai Orogen were disrupted during the
Cretaceous opening of the South Atlantic Ocean, whereas the Brasilia Orogen remained in the
continental hinterland. In earlier research, the thermal effects of the Phanerozoic reactivations
in the shallow crust of the Aracuai Orogen have been revealed by low-temperature
thermochronology, mainly by apatite fission track (AFT) analysis. However, analyses from the
continental interior are scarce. Here we present new AFT data from 43 samples from the
Brasilia Orogen, the SFC and the Araguai Orogen, far from the passive margin of the Atlantic
coast (~150 to 800 km). Three main periods of basement exhumation were identified: (i)
Paleozoic, recorded both by samples from the SFC and Brasilia Orogen; (ii) Aptian to
Cenomanian, recorded by samples from the Aracuai Orogen; and (iii) Late Cretaceous to
Paleocene, inferred in samples from all domains. We compare the differential exhumation
pattern of the different geotectonic provinces with their lithospheric strengths. We suggest that
the SFC likely concentrated the Meso-Cenozoic reactivations in narrow weak zones while the
Araguai Orogen displayed a far-reaching Meso-Cenozoic deformation. The Brasilia Orogen
seems to be an example of a stronger orogenic lithosphere, inhibiting reworking, confirmed by
our new AFT data. Understanding the role of the lithosphere rigidity may be decisive to
comprehend the processes of differential denudation and the tectonic—morphological evolution

over Phanerozoic events.

Keywords: Brasilia Orogen; Aracuai Orogen; exhumation; West Gondwana; continental
lithosphere rigidity; lithospheric inheritance; apatite fission track thermochronology
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1.Introduction

During the evolution of the continental lithosphere, lithospheric strength plays a significant role
in controlling the initiation and character of extensional and compressional deformation
(Kusznir and Park, 1984). Rifting, reactivations and reworking are mainly concentrated in
pieces of weak lithospheres and pre-existing shear zones (Manatschal et al., 2015; Petersen and
Schiffer, 2016; Schiffer et al., 2019; Tommasi and Vauchez, 1997). In contrast, rigid and stiff
lithosphere, such as characteristic of cratons, is more resilient to be affected by major tectonic
events (Artemieva, 2006). Several main factors contribute strongly to lithosphere rigidity: (i)
mantle and crust rheology; (i) geothermal gradient; (iii) crustal thickness; (iv) lower crustal
composition; and (v) tectonic inheritance (Kusznir and Park, 1984). Orogenic lithosphere is
usually considered favorable for reworking due to its fertile content, high concentration in
radiogenic elements, and its mantle anisotropy array. However, Krabbendam, (2001)
highlighted how an orogen can produce strong lithosphere and inhibit deformation. The West
Gondwana break-up during the Early Cretaceous seems to have followed the structural
lineaments of pre-orogenic mountain belts (e.g. Araguai Orogen) (Tommasi and Vauchez,
2001; Autin etal., 2013; Reuber and Mann, 2019; Will and Frimmel, 2018). Although the rifting
also broke cratonic areas (e.g. the Bahia cratonic bridge of the Sao Francisco—Congo Craton)

whereas it preserved other orogenic belts (e.g. Brasilia Orogen).

Low-temperature thermochronology has been used to constrain the reactivations in different
tectonic environments (e.g. Fernie et al., 2018; Gillespie et al., 2017; Mackintosh et al., 2019),
due to its ability to identify cooling/heating episodes that affected the shallow crust. Episodes
of high cooling rates are usually connected to moments of crustal deformation (i.e. uplift and
exhumation, flexural bending) that are determined by reaction of the lithosphere to a stress
source. In Brazil, several thermochronological studies have been realized on its passive margin
portions (e.g. Cogné et al., 2011; Gallagher et al., 1995; Jelinek et al., 2014; Japsen et al., 2012;
Van Ranst et al., 2020; Harman et al., 1998), mainly focused on detecting thermal variations
during rift and post-rift events that are pointed out as essential in the formation of the coastal
relief and landscape along the Brazilian Atlantic coast. The cooling phases identified by the
previous works indicate that uplift must have taken place during Meso—Cenozoic times,
inducing the erosion and exhumation of the crystalline basement. However, the hinterland
response to these tectonic forces is still poorly understood in South America (Pérez-Diaz and

Eagles, 2014).
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In south-eastern Brazil, the Sao Francisco Craton (SFC) and its marginal belts are part of the
South American Platform, which consists of portions of the Precambrian terrains that escaped
the major effects of the Andean orogenies (Almeida et al., 1981, 2000; Brito Neves, 1999). The
cratonic area preserves the Archean nucleus and segments of a Paleoproterozoic orogen, both
partially covered by Proterozoic sedimentary successions and few Phanerozoic deposits
(Heilbron et al., 2017). During the Neoproterozoic until the early Paleozoic, various continental
collision-accretion events shaped the preceding paleocontinent throughout the Brasiliano
orogenic cycle that eventually resulted in the amalgamation of West Gondwana. The portion of
the Precambrian basement not involved in deformation triggered by the Brasiliano cycle defines
the SFC (Almeida, 1981; Alkmim et al., 1993; Alkmim, 2015). To the west, the Brasilia Orogen
(Fig.1) was assembled in the course of the closure of a wide ocean during the subduction of
distal units, tectonic accretion events and associated nappe exhumation (Valeriano, 2017). It
was stabilized relatively early (600-560 Ma) when compared with the other orogenic fronts that
surrounded the SFC and afterwards it remained confined in the hinterland of continental blocks,
i.e. West Gondwana and South America continents (Pimentel, 2016). To the east of the SFC,
the Araguai-West Congo (AWCO) Orogen (Fig.1) was formed due to the closure of a fairly
narrow ocean branch during the onset of the Neoproterozoic up to the Cambrian—Ordovician
boundary (Pedrosa-Soares et al., 2008). The AWCO was disrupted and split into two
counterparts with the incipient opening of the South Atlantic Ocean. It currently composes a

segment of the Brazilian and Congo passive margin.

As the SFC and its marginal belts are composed of a representative diversity of lithosphere
architectures, understanding of their thermal evolution after the Phanerozoic stabilization can
clarify the role of the lithospheric strength in their exhumation history. Moreover, the
Phanerozoic thermal evolution of the SFC hinterland domains and the Brasilia Orogen still
remains poorly constrained by low temperature thermochronometry. In this study we present
the results of apatite fission track (AFT) thermochronometry applied to forty-three samples
collected in three transects crossing the structural fabric of the Araguai Orogen, SFC and
Brasilia Orogen. We aim to constrain the exhumation phases of each terrain, investigating the
possible relationships of cooling/heating episodes to geodynamic processes and their surface
expressions. From these, we can evaluate if there is a differential exhumation pattern between

the terrains and if it is related to the lithospheric characteristics of each tectonic province.
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2. Geological Setting

The study area comprises the SFC and two of its marginal orogenic belts, i.e. the Araguai and
Brasilia orogens, which surrounded and shaped the craton during the Ediacaran — Cambrian. In
the east and west side of the craton, the belt is composed of the Mantiqueira and Tocantins
tectonic provinces, respectively (Fig. 1) (Almeida et al., 1981; Brito Neves et al., 2014). To the
north, the SFC constitutes a segment of the Brazilian passive margin that is correlated to the
Congo Craton in Africa (Fig. 1). These two cratonic domains were connected by a cratonic
bridge, the Bahia cratonic bridge, forming the larger Sao Francisco—Congo Craton (Fig. 1)

(Porada, 1989) before Pangea (including West Gondwana) break-up in the Early Cretaceous.

2.1. Sdo Francisco Craton and its adjacent orogenic belts

In the Brazilian counterpart of the Sdo Francisco—Congo Craton, the definition of the
boundaries between the SFC and its margin was subject of intense debate since the middle of
the 20th century (Almeida,1967, 1969, 1977; Cordani et al. 1968; Cordani 1973; Ebert, 1968;
Trompette et al.,, 1992). This debate also reflected another, more fundamental, parallel
discussion: what is the precise definition of a craton? Almeida et al., (1981), using the craton
definition of a continental crust stabilized before the late Precambrian orogenies (the Brasiliano
cycle), established the SFC limits based on geophysical and structural analysis. The tectonic
meaning of Almeida’s definition was explored by Alkmim et al., (1993) in the light of new
data. These authors revealed that the SFC boundaries are defined by major reverse or thrust
faults, which represent the transition from domains deformed by thin-skinned (in the craton
interior) to thick-skinned tectonics (in the marginal belts) respectively. In addition, Alkmim et
al., (1993) observed that these major faults also represent inverted normal faults inherited from
the pre-orogenic extensional phase. Thus, in this work we consider the SFC as defined by
Almeida et al., (1981), Alkmim et al., (1993) and Alkmim, (2015), i.e. that the craton is
discriminated from its margin by the non-involvement of the basement in the Ediacaran —

Cambrian Brasiliano deformation.

2.2. (Pre)Cambrian basement

The SFC basement was formed originally by an Archean nucleus, that is represented by TTG-
type granitoids as result of granite-greenstone terrains amalgamation (Heilbron et al., 2017;
Alkmim, 2004). The Archean nucleus was attached, on its eastern side (present-day co-
ordinates), to Paleoproterozoic orogenic segments: The Eastern Bahia Orogenic Domain, the
Mineiro Belt, and the so-called Quadrildtero Ferrifero (Iron Quadrangle) mineral province

(Fig.1) (Heilbron et al., 2017; Alkmim and Teixeira, 2017; Barbosa and Barbosa, 2017). The
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Paleoproterozoic orogenic system and the Archean nucleus are remnants of the Sao Francisco-
Congo paleo-continent. This paleo-continent was affected by anorogenic magmatism and
taphrogenic processes which created intracratonic basins and passive-margin sedimentation at
the end of Paleoproterozoic (Martins-Neto et al., 2001). During the Ediacaran — Cambrian,
several continental collisions affected the Sdo Francisco—Congo Craton and led to the final
configuration of West Gondwana with the inversion of the previous extensional rifts. This
process resulted in the Brasiliano — Pan-African orogenic systems that are used to delineate the
boundaries of the craton. Due to its long and complex tectonic history, as well as the large area
covered by Phanerozoic sediments, the SFC’s structural framework is still not completely
understood. In SE Brazil, the craton is surrounded by three Brasiliano orogenic fronts, the
Araguai, Ribeira and Brasilia orogens (Fig.1) (Almeida, 1977) in which the first two belong to

the Mantiqueira Province (MP) and the latter one to the Tocantins Province (TP).

The MP is formed by several Neoproterozoic — Cambrian orogenic systems which represents a
large area parallel to the south(east) Brazilian coast (Fig 1-C). In southeastern Brazil, the
Aracuai and Ribeira orogens, as well as transitional zones between the Brasilia and Ribeira
orogens, are exposed. As mentioned, the Araguai Orogen is the Brazilian fragment of the larger
AWCO fold-and-thrust belt which was separated from its African counterpart by the Atlantic
opening (Hasui et al., 1975a; Almeida, 1977; Trompette et al., 1992; Pedrosa-Soares et al.,
2007; Alkmim et al., 2017). The AWCO was formed due to the closure of the Adamastor ocean
during the amalgamation of West Gondwana (Heilbron et al., 2008).

The Araguai Belt, is located to the southeast of the SFC (Fig.1-D) where it underlies the
Brazilian Atlantic margin. To the south of the Araguai Belt, around Lat 21°S, it merges with
the Ribeira Belt. The Aracuai Belt encompasses an entire magmatic arc, an ophiolite sliver,
syn- and post-collisional magmatic bodies, and a suture zone (Pedrosa-Soares et al., 2008). The
regional structural trend diverts from NNE to NE from north to south (Fig.1). The metamorphic
grade from exposed units ranges from greenschist to amphibolite facies, with metamorphic peak
ages of 600-580 Ma and final collision at 540 to 530 Ma (Alkmim et al., 2017). The orogenic
collapse is considered to be related to post-collisional magmatism and a variety of extensional
structures and is dated to have occurred at around 530-490 Ma (Pedrosa-Soares et al., 2001,
2008; Marshak et al. 2006). The AWCO has been coined a hot orogen (e.g. Cavalcante et al.,
2018; Fossen et al., 2017; Vauchez et al., 2007, 2019; Richter et al., 2016) as it is characterized
by high temperatures, slow cooling and the emplacement of large volumes of magma (Fossen

etal., 2017; Vauchez et al., 2007, 2019).
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Fig.1 — Geological context of the study area. A) Gondwana Supercontinent and Phanerozoic accretions (after
Almeida et al., 1981). B) Schematic representation of West Gondwana basement, with the shields, cratonic
continental masses and Neoproterozoic-Late Paleozoic orogenic belts (after Tohver et al., 2006; Vaughan and
Pankhurst, 2008). C) Brazilian tectonic provinces (Alkmin, 2015). D) Chronostratigraphic regional map showing
the location of analyzed samples with the major structural lineaments and AFT ages from previous works. *
indicates samples from Fonseca et al., (SUBMITTED).

On the western side of the SFC, the TP is an orogenic area between the Amazonian and Sao

Francisco cratons (Fig.1-C). It was formed due to the convergence of the Amazonian, Sao
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Francisco-Congo and Paranapanema paleocontinents (Pimentel et al., 2004), that consumed a
large oceanic slab (Brito Neves, 1999). The Brasilia Belt is one of the three fold belts that
belong to the TP. It was developed along the western margin of the Sdo Francisco Craton
(Almeidaetal., 1981). The fold belt comprises an Archean — Paleoproterozoic basement, which,
together with a Proterozoic metasedimentary cover, a juvenile magmatic arc (Goias arc), and
granitic complexes, were folded and thrusted toward the SFC in the Neoproterozoic (Pimentel
et al., 2000). In its southern portion, a NW-SE structural trend prevails, while in the
southernmost area, the regional trend is overlapped by W-vergent nappes and transitional
structures of the Ribeira Belt (Valeriano, 2017). Peak metamorphism is constrained at 650-630
Ma with amphibolite to granulite facies conditions (e.g. Moraes et al., 2002; Piuzana, 2003;
Reno et al, 2009; Valeriano et al., 2004). Analysis from medium-temperature
thermochronometers (Ar-Ar/K-Ar in biotite and mica) indicates an exhumation and cooling of
the Brasilia Orogen between 600 to 560 Ma as its orogenic collapse progressed (Hasui and

Almeida, 1970; Valeriano et al., 2000, Pimentel et al.,2004).

2.3. Post-Cambrian Evolution and existing thermochronological data

Following the cessation of the Brasiliano orogenic cycle, the West Gondwana continental
interior went through a consolidation stage, forming a relatively stable platform during the early
Paleozoic (Carneiro et al., 2012; Zalan, 2004). Scarce low-temperature thermochronological
data on the SFC and its margins, have revealed a pronounced Paleozoic cooling period in the
southern Brasilia Orogen (Dorantin-Tiritan et al., 2014; Gallagher et al., 1994; Ribeiro et al.,
2005) and in the northeastern SFC (Jelinek et al., 2014; Japsen et al., 2012). These authors
tentatively relate the cooling event with far-field effects of the long-lived orogeny at the
southern margin of Gondwana, i.e. the Famatian and Gondwanic orogenic cycles (Fig.1, Fig.2:
1 to 4, Jelinek et al., 2014), the deposition of sedimentary sequences in the adjoining Parana
Basin (Fig. 2: 10 to 12, Ribeiro et al., 2005) and widespread Carboniferous glaciation (Doranti-
Tiritan et al., 2014).

During the Paleozoic, the Famatian (Early Ordovician to Early Carboniferous) and Gondwanic
(Early Carboniferous to middle Permian) orogenic cycles took place in the SW portion of the
West Gondwana paleo-continent (Fig.1-A) (Heredia et al., 2018, and references therein) by the
docking of continental fragments (collisional type) and by subduction events (non-collisional
type). From their analyses of tectonic subsidence curves of the Parana-Chaco Basin and its
sedimentary record, Milani and Ramos, (1998) proposed that these geodynamic cycles were

closely related to extensional tectonic subsidence episodes that affected this basin. The



54

Paleozoic deposits in the Parana-Chaco Basin preserve marine, fluvial, and coastal sediments,
covering a large area (1 500 000 km?) with thicknesses up to 4500 m (Fig. 2: 10 to 12, Milani
et al., 2007). The Carboniferous glaciation event is recorded by the Itararé Group in this basin
and by striated surfaces in its basement (Fig.2: 12, Buso et al., 2017; Caputo and Crowell, 1985;
Eyles et al., 1993; Griffis et al., 2018; Montafiez and Poulsen, 2013; Mottin et al., 2018; Visser,
1987). The sedimentary record in the Sanfranciscana Basin of the SFC, initiates with
Carboniferous glacial deposits (Santa Fé Group, Fig.2: 17) (Sgarbi et al., 2001; Limarino et al.,
2014; Torsvik and Cocks, 2013; Vesely and Assine, 2006; Reis et al., 2017). The Carboniferous
glacial period was followed by increasingly arid conditions as reflected in sediments from in

the Paleozoic - Mesozoic transition.

During the Mesozoic, the relative stability of the West Gondwana hinterland was disturbed by
taphrogenic processes culminating in the complete continental break-up and eventual opening
of the South Atlantic Ocean. Preceding the rifting processes, some magmatic events occurred
that are mainly well-expressed in the African counterpart. According to Pérez-Diaz and Eagles,
(2014), separation started at the latest by 138 Ma in the far south and then it propagated
northwards describing a counterclockwise rotation. The onset of the break-up was
approximately coeval with the emplacement of the Parana-Etendeka flood basalts in the Parana
Basin (Fig.2: 15, Hueck et al., 2018). Also, during this time, the Transminas mafic dike swarm
(Coelho and Chaves, 2017) intruded the basement of the SFC and the western Araguai Orogen
(Fig.2: 21, Chaves, 2013; Rosset et al., 2007). Besides this activity, tectonic reactivation and
mafic intrusions took place in the Cambrian Colatina Fracture Zone, in the eastern Araguai
Orogen (Fig.2: 21, Santiago et al., 2019; Mendes, 2017). A reheating effect of these magmatic
eventsin the hosting basement has hitherto not been observed (Amaral-Santos et al. 2019; Van

Ranst et al. 2020).

Structural inheritance possibly guided the South Atlantic rifting, since it tended to follow the
Brasiliano — Pan African structures (e.g. de Wit, et al., 2008; Misra and Mukherjee, 2015;
Nemcok, 2016; Tommasi and Vauchez, 2001; Vauchez et al. 1997; Will and Frimmel, 2018).
The rheology of the rift-resistant cratonic nucleus led to the development of deep faults and
narrow sedimentary basins, in contrast to wide and evaporite-rich basins evolving on the
Brasiliano belts (Fig.2, see platform size differences in the map, e.g. Alkmim, 2004; Mohriak
et al., 2008). The marginal basins record the tectonic phases of the rifting evolution as syn-rift,
transitional and drift phases (Fig. 2 — 21 to 24, e.g. Asmus, 1982). The rifting reached and
affected the Sdo Francisco—Congo Craton and AWCO basement at c.a. 120 to 112 Ma (Torsvik
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et al., 2009) effectively separating the SFC and Aracuai Orogen from its African counterparts
(Congo craton and West Congo Belt). The uplift and consequential erosion of the rift shoulders
are pointed out as the reasons of Early Cretaceous basement cooling inferred by AFT analyses

in the Araguai Orogen (Jelinek et al., 2014; Van Ranst et al., 2020).

The post-rift evolution is marked by significant volcanic activity, mainly between the Late
Cretaceous to Paleogene. In the continental hinterland, series of alkaline intrusions were
emplaced in the Alto Paranaiba Arch in the Brasilia Orogen (Fig.2: 20, e.g. Riccomini et al.,
2005). Several authors suggest a new pulse of sedimentation in the Parana (Bauru
Supersequence, Fig.2: 16, Batezelli, 2017; Milani et al., 2007) and Sanfranciscana Basin
(Areado Fm., Fig.2: 18, Campos and Dardenne, 1997; Uhlein et al., 2011) linked to pulses of
doming and denudation connected to these intrusions. Offshore Brazil, thre Abrolhos Bank,
which forms a remarkable off-shore platform (Fig.2: 19), records a sedimentary-volcanic
complex developed during this time (Mohriak and Fainstein, 2012). Furthermore, several
seamounts and volcanic islands (e.g. Trindade Island) extend even further eastward, outlining
the E-W oriented Vitdria-Trindade Chain (Fig.2: 20). Ar/Ar ages of the magmatic rocks in the
lineament are 3.90 to 0.25 Ma (Trindade Island; Pires et al., 2016), whereas the majority of the
seamounts are lacking age information. The relationship between the Abrolhos Bank and the
Vitéria-Trindade chain is still unclear as well as the origin of its magmatic activity (e.g.

Geraldes et al., 2013, Ernesto et al., 2002).

Late Cretaceous to Paleogene rapid cooling of the regional basement is widely recorded by low-
temperature thermochronometry (AFT and U-Th/He) in the Araguai Orogen (Carmo, 2005;
Jelinek et al., 2014; Van Ranst et al., 2020). The authors interpreted the cooling as the effect of
erosion of an uplifted area. This hypothesis is supported by the significant increment of the
marginal basin sedimentary thicknesses during this time. Multiple uplift driving forces seem to
have acted (e.g. isostasy, basement reactivations and mantle drag), however the distinct role of
each one is still unclear. Van Ranst et al., (2020) suggest the influence of a thermal anomaly
possible related to the hypothetical Trindade mantle plume and the offshore magmatism
(Thompson et al., 1998) which may have weakened the lower crust, and hence making it more
susceptible to basement reactivations due to far-field stresses. The stresses may have been
triggered by a complex interaction of forces that compress the South American Plate between
the Andean collision zone and the ridge-push of the Atlantic Ocean spreading zone. The authors
highlighted the synchronism between this Araguai Orogen denudation phase and the Peruvian
stage of the Andean orogeny (Fig.2- 6) and thus they proposed this collision stage as the main
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source of lithospheric stress. Jelinek et al., (2014) also emphasize the role of crustal weakening

by mantle heating but pointed at isostasy as main uplift process.
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Fig.2 —Main post-Cambrian tectonic, sedimentary and volcanic events (after Zalan, 2004).

3. Samples and Method

In order to investigate the Phanerozoic thermochronological evolution of the SFC and its
surrounded mobile belts, this study applied the AFT method on the Precambrian—Cambrian
basement. Forty-three samples of granites and gneisses were collected following three
approximately E-W oriented transects: S(outh), C(entral) and N(orth) (Fig.1-D). These
transects were selected to cross the structural fabric established during the Brasiliano orogeny

cycle, and cover the three tectonic provinces (SFC, TP and MP) where only few data, if any,
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were previously acquired (Fig.1-D). A lower sampling resolution of basement outcrops in the
SFC is due to the extensive Phanerozoic cover which reduces the amount of possible sampling
sites. Twenty-four samples are from the Araguai Orogen (MP), twelve samples from the SFC
and seven samples are from the Brasilia Orogen (TP). Details of the lithology, elevation and
geographical locations of each sample are provided in Table 1. Apatite grains were concentrated
by conventional crushing and magnetic and heavy liquid separation in Centro de Pesquisas

professor Manoel Teixeira da Costa (CPMTC), Belo Horizonte (Brazil).

Apatite fission track (AFT) thermochronology is based on the fission decay of 2**U and the
consequential production of linear damage trails (fission tracks), produced by the ionized
fission fragments along their path through the apatite lattice. At low temperatures, these tracks
are considered thermally stable on geological time scales, whereas from certain temperatures,
diffusion causes shortening and annealing of the tracks until they completely disappear (e.g.
Green et al., 1986; Gleadow et al., 1986). The temperature at which the track anneals is affected
by many factors such as the detector (mineral, in our case apatite), cooling rate and grain
chemistry (Barbarand et al., 2003; Carlson et al., 1999; Green et al., 1986; Tagami et al., 1998).
In the mineral apatite fission tracks are retained at temperatures below ~ 60 °C and rapidly
anneal in temperatures elevating ~120 °C (e.g. Wagner and Van den haute, 1992). Through the
transitional zone between these two conventional thresholds (~60 to ~120 °C), i.e. the apatite
partial annealing zone (APAZ) (e.g. Wagner and Van den haute, 1992; Green et al., 1986;
Gleadow et al., 1986), tracks can accumulate, but are gradually shortened and eventually
removed after prolonged times. Roughly, it can be stated that the AFT age records the time
when a sample last cooled through the ~100°C isotherm (about 2—4 km in crustal depth,
depending on the regional geothermal gradient) (Wagner and Van den haute, 1992). Moreover,
the track-length analysis provides additional information about the rate and complexity of the
cooling or heating path (Gleadow et al., 1986). AFT data can be modelled using empirical
annealing equations (e.g. Ketcham et al., 2007a) by inverse modelling (Ketcham, 2005;
Gallagher, 2012) to generate a proposed time—temperature path and display a visually

comprehensive thermal history.

For this study we applied the AFT external detector method (Hurford and Green, 1982; Fleisher
et al., 1975) based on the standard procedures used at the fission track laboratory at Ghent
University (described by e.g. De Pelsmaeker et al., 2015; Nachtergaele et al., 2019; Van Ranst
et al., 2020). Grains (150-250 per sample) were hand-picked and mounted in Struers CaldoFix-

2 epoxy resin, after which they were grinded on SiC paper and polished using diamond
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suspension (6 um, 3 pm and 1 pm). Apatite mounts were etched in 5.5 mol/L HNO? solution
during 20 s at 21 °C (Donelick, 1991) in order to make the spontaneous fission tracks detectable
with optical microscopy. Thermal neutron irradiation was carried out at the Belgian Nuclear
Research Centre (SCK, Mol) using the Belgian Reactor 1 (BR1) facility (Channel X26; De
Grave et al., 2010). Age standards (Durango and Fish Canyon Tuff) were included in the
irradiation package for zeta-calibration (Hurford and Green, 1983). Thermal neutron fluence
was monitored by four IRMM-540 dosimeter glasses (De Corte et al., 1998), which were
regularly spread over the package. Induced fission tracks were revealed in the irradiated

external detectors (ED) (Goodfellow low-U muscovite) using 40 % HF for 40 min at 21 °C.

Age calculations were performed using the overall weighted mean zeta (OWMZ). The majority
of the samples were analyzed by one analyst ({ =313.9 £ 5.8, AF) using the Leica DM 2500P
microscope equipped with a Leica DFC 295 camera. Using a different microscope and optical
set-up, samples S1, S3, S11 and S13 were analyzed by TN ({ = 254.6 £ 8.8) and samples 5, 10,
C3, S4 and S14 by SN (C = 286.2 £ 4.7), both under the motorized Nikon Eclipse Ni-E
microscope with a Nikon DS-Ri2 camera attachment (Van Ranst et al., submitted ). To assess
the track density, we aimed to count tracks in at least 20 grains for each sample. Central ages
and Chi-squared (}"2) homogeneity test parameters (Galbraith, 2005, 1981; Galbraith and
Laslett, 1993) were calculated using “IsoplotR” software (Vermeesch, 2018) and are reported
in Table 2.

The length—frequency distributions were acquired by ideally measuring 100 (sub)horizontal
confined tracks in each sample. All track lengths and the angles between the track and the
crystallographic c-axis were measured with the Nikon Eclipse Ni-E microscope with a DS-Ri2
camera attached at a 1000x magnification. The etch pit diameter parallel to the crystallographic
c-axis (Dpar) (Donelick et al., 1999) was measured (100-200 per sample) using a the Dpar
module within Nikon NIS-Elements AR (Van Ranst et al., submitted). Data from samples with
a sufficient number of track lengths (> 50) were used as input in the QTQt software (Gallagher,
2012) to perform the Markov Chain Monte Carlo (MCMC) inverse modeling with 10° pre- and
post-burn in iterations. We opted not to use c-axis projection because the anisotropy of our
samples is anomalously low, causing c-axis projection to ‘overcorrect’ and invert anisotropy.
(Van Ranst et al. 2020). The present-day temperature was constrained as (25 £ 15) °C. The
prior for the MCMC run was set to the (central age = central age) for time and, (70 £ 70) °C for

temperature.
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Table.1. Samples location (in World Geodetic System -WGS84), elevation above sea level (a.s.l.), lithology, and
tectonic provinces (AB — Araguai Belt, SFC. — Sdo Francisco Craton, BB — Brasilia Belt). * indicates samples
from Fonseca et al., (SUBMITTED).

Elevation

Sample X (°) Y (°) (a.s.1) (m) Lithology Province
S1 -42.2768 -20.7010 718 banded granulite gneiss AB
S2 -42.4713 -20.7285 1192 medium grained pyroxene granite AB
S3 -42.6509 -20.6900 651 medium grained pyroxene granite AB
S4 -42.6844 -20.6869 614 biotite gneiss AB
S5 -42.8959 -20.7306 619 medium grained biotite gneiss AB
S6 -43.1099 -20.6665 615 fine grained biotite gneiss AB
S7 -43.3320 -20.6757 663 medium grained biotite gneiss AB
S8 -43.5802 -20.6839 722 fine grained biotite gneiss AB
S9 -43.6389 -20.6725 738 fine grained biotite gneiss AB
S10 -43.8328 -20.5669 926 coarse grained biotite granite AB
S12 -44.1654 -20.9957 1084 medium grained biotite granite AB
C2 -43.3416 -19.7112 720 coarse grained biotite gneiss AB
C3 -43.2028 -19.6612 735 biotite granite AB
C4 -43.0367 -19.7237 558 coarse grained biotite gneiss AB
C6 -42.7839 -19.6174 262 folded and sheared biotite gneiss AB
C7 -42.6943 -19.2180 242 biotite gneiss AB
C8 -42.3276 -19.2300 197 garnet bearing amphibolite AB
C9 -42.2509 -19.1723 208 fine grained biotite gneiss AB

Cl1 -42.0818 -18.9656 177 fine grained biotite gneiss AB
C12 -42.0225 -18.9231 188 fine grained biotite gneiss AB
N3 -42.2801 -16.7072 557 tourmaline bearing pegmatite AB
N4 -42.1826 -16.6299 310 biotite granite AB
N5 -42.2846 -16.2219 445 metagreywacke AB
N7 -42.9033 -16.2274 832 gneiss AB
S11 -44.0412 -20.6574 878 fine grained biotite gneiss SFC
S13 -44.4227 -20.8681 992 medium grained biotite granite SFC
S14 -44.7343 -21.0270 997 porphyritic basalt SFC
1 -45.1248 -21.1736 786 migmatite hornblende gneiss SFC
Cl -43.7991 -19.8133 855 migmatite biotite gneiss SFC
C22 -43.9794 -19.8901 859 fine grained biotite gneiss SFC
C19 -44.1580 -19.9635 851 biotite gneiss SFC
C20 -44.6217 -19.8897 850 biotite granite SFC
C21 -44.8803 -19.8934 682 fine grained biotite gneiss SFC
C18 -45.3290 -19.7837 680 biotite bearing migmatite SFC
N1l -44.7121 -15.3076 620 granite SFC
N10 -44.6414 -15.3559 602 granite SFC
4 -45.5288 -21.1933 805 medium grained hornblende granite BB
5 -45.7551 -21.2543 893 biotite gneiss BB
6 -46.0035 -21.4468 793 coarse grained pyroxene gneiss BB
7 -46.3717 -21.3339 883 coarse grained pyroxene gneiss BB
8* -46.5302 -21.3558 972 coarse grained pyroxene gneiss BB
9% -46.8217 -21.2976 777 coarse grained pyroxene gneiss BB
10 -46.9280 -21.3034 791 granite BB
C17* -46.8887 -18.8789 1061 metaconglomerate BB
Cle6* -47.2202 -18.9419 884 biotite granite BB
C15* -47.7057 -18.7589 856 biotite granite BB
Cl14* -48.0631 -18.4268 577 biotite bearing migmatite BB
N12 -48.2356 -16.9667 898 garnet bearing gneiss BB
N13* -48.5663 -17.2695 758 mylonitic granite BB
N16 -49.3007 -17.2581 631 mylonitic granite BB
4. Results

We present a new AFT dataset, which is summarized in Table 2, of 43 analyzed samples from

the Aracuai Orogen, the SFC, and the Brasilia Orogen. AFT central ages and confined track
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lengths from twelve analyzed samples are geographically displayed in Fig. 3. Swath elevation
profiles (north A—B; central C—D; south E-F) with added samples position and AFT central
ages are presented in Fig. 4. Supplementary figures on analytical results (amongst others
comparative diagrams showing the differential data of the different terrains studied) are to be
found in Appendix A. Samples C3 and S4 failed the Chi-squared test (P(y}*) <5 %). Samples
C8, C11 and N16 yielded insufficient confined tracks (n < 50) to reconstruct thermal history

models.
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Fig.3 — Digital Elevation Model (DEM) map of the study area with indication of the sample locations, central AFT
ages (in Ma), Mean Track Lengths (MTL) (in pm), and number of measured confined track lengths in brackets.
For general location see figure 1. * indicates samples from Fonseca et al., (SUBMITTED). BH = Belo Horizonte.
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Table.2. Apatite fission track analysis results; n is the number of analyzed grains. ps and p; are the densities of
spontaneous (apatite) and induced tracks (in muscovite external detector), respectively. pd are interpolated values
of the density of induced tracks in the external detector irradiated against regularly spaced Uranium-doped glass
dosimeters (IRMM-540) in the irradiation package. All densities expressed in 10° tracks/cm?. Ns and Ni are the
number of spontaneous and induced tracks, respectively. Ngq is the interpolated value of the number of induced
tracks in the external detector stemming from co-irradiated glass dosimeters (IRMM-540). P(%2) is the chi-squared
probability that the dated grains have a constant ps/pi ratio. The standard error (s.e.) on the age is given in Ma. Nc
is the number of measured confined natural horizontal tracks. MTL is the mean track length, ¢ is the standard
deviation of the track length distribution; A is the analyst (A- Ana Fonseca (=313.9 + 5.8 a.cm?, T- Tiago Novo
€ =254.63+£8.81 a.cm?, S- Simon Nachtergaele { = 286.2 = 4.7). * indicates samples from Fonseca et al.,
(SUBMITTED). ** indicates lengths analysis with insufficient measurements to perform inverse thermal history
modeling. *** indicates samples that failed in the P(y2) test.

AFT 1s.e.

Sample n ps (x10) Ny pi (xlo) N; pa (£10) Ny P(xz) central age  (AFT n, MTL (um) o (MTL) Skewness Dy, A
M) age) (k)

[ ] S1 20 8.051(0.232) 1200  5.859(0.232) 893 5.774(0.075) 5999 = 0.25 98 6 81 13.5 1.5 -0.6 179 T

S2 11 3.718(0.198) 350 3.455(0.191) 327 4.826(0.098) 2413 0.61 81 7 X X X X 1.69 A

S3 25 8.512(0.201) 1789  6.338(0.172) 1354 5.716(0.073) = 6054  0.43 97 5 87 13.5 1.7 -0.5 199 T

S4x*x 9 5.691(0.361) 249 5.827(0.361) 261 4.484(0.094) 2255  0.04 61 6 X X X X X S

S5 25 5.464(00.149) 1339  4.498(0.135) 1105  4.750(0.097) 2375 0.18 90 5 X X X X 137 A

S6 22 2.903(0.127) 524 2.580(0.119) 471 4.736(0.097) 2368  0.98 82 6 X X X X X A

S7 20 27.528(0.506) 2963  14.796(0.369) = 1606  4.722(0.097) 2361  0.44 135 6 X X X X 195 A

S8 18  3.541(0.211) 281 1.733(0.144) 144 4.708(0.097) 2354 097 143 8 X X X X X A

S9 18 22.570(0.696) 1052  9.913(0.457) 470 4.695(0.097) 2347  0.72 163 10 X X X X 1.79 A

- S10 20 34.751(0.704) 2434  12.023(0.416) = 836 4.680(0.097) 2340 037 210 10 X X X X 185 A

o S12 20 7.527(0.303) 616 3.587(0.214) 280 = 4.650(0.096) 2325  0.12 158 14 X X X X X A

'z C2 22 8.757(0.244) 1238 = 5.790(0.201) 831 4.855(0.099) 2427  0.57 113 6 54 12.2 1.6 -0.3 1.74 A

a C3#k* 16 4.164(0.267) 243 3.160(0.230) 189 4.475(0.095) 2241  0.00 82 14 X X X X X S

é C4 20 5.980(0.173) 1196 5.100(0.160) 1020 4.732(0.097) 2366  0.29 86 4 X X X X 1.74 A

C6 21 14.375(0.263) 2976  13.189(0.252) = 2736 = 4.723(0.097) = 2365  0.06 81 4 88 12.8 1.6 -1.1 201 A

Cc7 21 8.967(0.206) 1888 = 10.234(0.221) 2154  3.841(0.088) 1920  0.17 53 2 X X X X X A

C8** 8 6.841(0.326) 440 2.536(0.197) 165 4.727(0.097) 2363  0.44 195 19 20%%  12.2%* 1.5%* 0.0 1.71 A

C9 20 3.508(0.136) 661 3.774(0.142) 709 4.724(0.097) 2362  0.71 69 4 X X X X 1.68 A

Cl1** 20  3.872(0.143) 730 4.792(0.159) 905 4.722(0.097) 2361  0.23 59 4 42%%  13.1%* 1.3%* -0.6 1.83 A

C12 20 3.592(0.137) 689 3.997(0.145) 762 4.719(0.097) 2360  0.36 67 4 X X X X 204 A

N3 7 31.484(0.912) 1192 16.951(0.670) = 642 4.684(0.097) 2342 0.25 135 8 69 11.5 1.8 0.0 195 A

N4 23 3.906(0.149) 687 2.745(0.127) 469 4.681(0.097) 2341  0.09 107 8 X X X X 1.84 A

N5 23 12.709(0.270) 2214  6.293(0.190) 1093 4.679(0.097) 2340  0.21 147 7 50 115 1.9 -0.4 1.78 A

N7 2 7.01600.973) 52 3.071(0.627) 24 4.664(0.097) 2332 0.32 157 40 X X X X X A

S11 25 12.780(0.271) 2231 3.920(0.149) 696 5.800(0.074) 6126 = 0.43 233 14 56 12.6 1.9 -0.3 1.66 T

S13 21 18.893(0.378) 2500  5.624(0.208) 728 5.795(0.074) 6148 = 0.12 249 19 91 12.7 1.3 0.3 175 T

(ZD S14 20 7.123(0.264) 2018  2.822(0.165) 291 4.514(0.094) 2301  0.77 160 12 X X X X X S

':,; 1 23 26.051(0.483) 2908  7.843(0.268) 860 = 4.954(0.100) 2477  0.22 257 13 X X X X 204 A

6 Cl 25 10.173(0.253) 1615  4.520(0.167) 719 4.870(0.099) 2435  0.53 169 9 X X X X 136 A

§ C22 20 30.203(0.535) 3191 9.420(0.297) 999 4.687(0.097) 2343 0.26 231 11 X X X X 1.90 A

(2) C19 22 21.493(0.345) 3881 5.361(0.172) 969 4.694(0.097) 2347 034 289 13 100 11.4 1.8 -0.1 186 A

§ C20 20 25.769(0.438) 3467  5.995(0.214) 785 4.691(0.097) 2346  0.09 316 17 X X X X 198 A

g C21 22 17.477(0.304) 3310  4.799(0.160) 904  4.689(0.097) 2344 029 262 13 X X X X 1.89 A

25[-, C18 22 28.598(0.363) 6220  7.008(0.179) 1527 = 4.696(0.097) 2348  0.07 296 13 100 11.2 1.4 0.1 198 A

N1l 21 35.810(0.560) = 4083  7.523(0.259) 844 = 4.656(0.097) 2328  0.59 344 16 87 11.9 1.6 0.1 202 A

N10 20 20.383(0.411) 2455  5.054(0.204) 614  4.659(0.097) 2329 0.14 284 17 100 11.7 1.3 -0.2 171 A

4 21 25.332(0.529) 2291 7.866(0.292) 726 4.941(0.099) 2470  0.86 240 12 X X X X 205 A

5 20 12.159(0.393) 959 3.659(0.214) 293 4.465(0.095) 2225 0.62 206 15 X X X X X S

6 20 9.860(0.212) 2167  3.205(0.121) 702 4.926(0.099) 2463  0.09 234 14 X X X X 1.67 A

7 21 12.700(0.355) 1282  2.791(0.164) 291 4.911(0.099) 2456  0.81 331 23 X X X X 1.69 A

— 8* 25 15.481(0.308) 2524  3.250(0.140) 542 5.818(0.075) 5957 = 0.20 337 21 80 12.2 1.3 0.1 1.50  *

E 9* 20 5.780(0.170) 1156 1.070(0.073) 214 5.807(0.075) 5967 = 0.91 386 31 100 13.5 1.2 -0.4 .70 *

< 10 20 35.992(0.760) 2241 8.844(0.380) 543 4.533(0.094) 2331 0.59 261 19 X X X X X S

5‘) C17* 7 14.702(0.798) 340 3.203(0.367) 76 5.769 (0.106) 2940  0.24 314 41 X X X X X *

% Clo* 20 28.350(0.493) 3302  6.230(0.231) 729 5766 (0.106) 2954  0.36 318 17 105 12.0 1.2 -0.7 191  *

Cl15* 3 28.298(1.636) 299 7.245(0.820) 78 5.766(0.106) 2954 = 0.25 269 37 X X X X X *

C14* 20 23.620(0.473) 2491 5.419(0.225) 579 5.764(0.106) 2953 = 0.48 302 16 105 12.1 1.2 -0.4 195 *

N12 9 4.486(0.382) 138 2.987(0.306) 95 4.654(0.096) 2327  0.48 106 15 X X X X 1.79 A

N13* 20 30.056(0.679) 2024  9.005(0.370) 592 5.827(0.107) 2985  0.50 243 13 100 11.4 1.8 0.1 207  *

N16** 23 11.606(0.308) 1423  3.261(0.166) 387 4.646(0.096) 2323  0.23 263 17 24**  10.8*%* 1.9%* 0.3 1.73 A
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Fig.5 — AFT age vs. MTL or “boomerang” plot (Green et al., 1986) of the Aracuai Belt, SFC, and Brasilia Belt
basement samples. See text for details. * indicates samples from Fonseca et al., (SUBMITTED).

Araguai Orogen

The twenty-four samples from the Araguai Orogen exhibit a wide range of AFT ages, from the
late Triassic (210 + 10 Ma, Sample S10) to the early Paleogene (53 + 2 Ma, Sample C7). Ages
from the Triassic to Early Cretaceous, i.e. pre- to syn-rift, are spatially situated closest to the
SFC (samples S10, S8, S7 and C2; Figs. 3, 4) and in the northern transect (samples N3, N4, N5,
and N7; Figs. 3, 4). Ages from the Late Cretaceous to early Paleogene, i.e post-rift, are spatially
present in samples from the central and southern transects, located closer to the coast (Figure
A.1 in Appendix A). On the age—elevation plot (Figure A.2 in Appendix A) the sample set from
the Araguai Orogen describes a normal trend, in which the older AFT ages tend to be present
in the samples collected at higher elevations. Samples C8 and S2 exhibit outlier’s behavior, the
former being “too old” for its elevation and the latter being “too young”. Sample C8 was taken
from a river valley at low elevation (197 m) and yields a Jurassic AFT age (195 + 19 Ma). In
the central profile (C-D, Fig.4), it is the only sample with a pre-rift age in close proximity to
samples yielding post-rift ages (Figs. 3, 4). Sample S2 is from a site at the highest elevation
sampled and gives a Late Cretaceous AFT age (81 =7 Ma).

AFT length histograms from the Araguai Orogen samples are provided in Figure A.3 in
Appendix A. In six samples (S1, S3, C6, C2, N3 and N5) it was possible to measure more than

50 tracks to produce representative length—frequency histograms. Samples from the northern
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transect yield the shortest mean track lengths (MTL) (11.5 um, N3 and N5) and become longer
to the south (13.5 um, S1 and S3). The histograms present a unimodal distribution. Standard
deviation varies between 1.5 and 1.9 pm and displays an apparent negative correlation with
MTL (Figure A.6 in Appendix A), i.e. the distribution becomes narrower with longer MTL.
Skewness values are negative to non-skewed, ranging from -1.1 (Sample C6) to 0.0 (Sample
N3), and describe negative correlation with MTL (Figure A.7 in Appendix A), with two outliers
(samples S1 and S3). MTL and AFT central ages establish a relationship as the half part of a
boomerang trend (Fig. 5, Green et al., 1986). This relationship indicates a fast cooling through
the APAZ for samples S1, S3, C11 and C6 (longer MTL), while samples C2, C8, N3 and N5
(shorter MTL) had a protracted residence in the APAZ.

Thermal history modelling was performed for six samples from the Araguai Orogen (samples
S1, S3, C2, C6, N3 and N5; Figure A.8 in Appendix A). In the southern and central transects,
samples S1, S3 and C6 display a similar time—temperature path. For these samples the models
show a cooling through the 100 °C isotherm around 120 Ma, followed by a quasi linear,
protracted cooling since ca. 110 Ma. Sample C2 displays a residence in the temperature window
between ~100 °C to 80 °C between ca. 170 to 140 Ma when it also begins to transfer into a
quasi linear, protracted cooling until surface temperature is reached. In the northern transect,
samples N3 and N5 show a cooling phase during the Triassic to Early Jurassic (N5 until ca. 200
Ma and N3 until ca. 130 Ma) followed by thermal quiescence (or modest reheating) before a

subsequent fast cooling since ca. 50 Ma.
Sdo Francisco Craton

The twelve samples from the SFC exhibit pre-rift AFT central ages ranging from early
Carboniferous (344 + 16 Ma, Sample N11) to Late Jurassic (160 + 13 Ma, Sample S14). The
majority of the samples close to the boundary with the orogenic belts (S11, S13, S14, C1 and
C22) present Triassic to Jurassic ages. In the cratonic interior, samples yield ages from
Carboniferous to Permian (C18, C21, C20, C19, N10 and N11). These sample were collected
from 602 to 997 m elevation above sea level (m.a.s.l.) and their altitudes show no clear

relationship with AFT central age (Figure A.2 in Appendix A).

AFT length histograms from the SFC samples are provided in Figure A.4 in Appendix A. In six
samples (S11, S13, C18, C19, N10 and N11) it was possible to produce representative length—
frequency histograms. Samples from the southern transect display the longest MTL (12.7 and
12.6 um, samples S13 and S11, respectively) whereas in the others the MTLs range from 11.2
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um (Sample C18) to 11.9 um (Sample N11). The distributions are unimodal with standard
deviations between 1.3 and 1.9 pm, showing no correlation with MTL (Figure A.6 in Appendix
A). The histograms are quasi symmetric with skewness varying between -0.3 (Sample S11) to
0.3 (Sample S13). Skewness and MTL describe a negative correlation (Figure A.7 in Appendix
A), although one outlier is present (Sample S13). The MTL versus AFT central age plot
suggests a half part of a boomerang trend (Fig. 5, Green et al., 1986), however the longest tracks
of the SFC samples are relatively short compared to the higher MTLs of the analyzed orogenic
belts.

Thermal history modelling was performed on data from six samples from the SFC (samples
S11, S13, C18, C19, N10 and N11). Except for the model of sample S11, which predicts a
constant slow rate of cooling up to surfaces temperatures since ca. 300 Ma, all samples display
a relatively fast cooling during the Paleozoic (N11 until ca. 400 Ma, C18 until ca. 390 Ma N10
and C19 until ca. 350 Ma and S3 until ca. 290 Ma) followed by a long period of thermal stability

(60 to 40 °C) in the Mesozoic and afterward a new cooling pulse since ca. 50 Ma.
Brasilia Orogen

The majority of the seven samples from Brasilia Orogen exhibit AFT ages ranging from the
Triassic (206 = 15 Ma, Sample 5) to the Carboniferous (331 + 23 Ma, Sample 7). Sample N12
presents a disparate Albian AFT age (106 £ 15 Ma). Even though its grains counting passed in
the Chi-squared test (P(y?) = 48%), only nine grains could be analyzed. This result thus needs
to be regarded with carefulness. The age—elevation plot (Figure A.2 in Appendix A) does not

reveal any clear relationship between the variables.

5. Discussion
5.1. Timing and spatial patterns inferred from thermochronology

Low-temperature thermochronology has only seldomly been applied to basement rocks far from
the Brazilian coast, thus the majority of our AFT data covers unexplored areas. Our new AFT
data can be compared to some other AFT studies (Amaral-Santos et al., 2019; Carmo, 2005;
Doranti-Tiritan et al., 2014; Fonseca et al., submitted ; Gallagher et al., 1994; Jelinek et al.,
2014; Van Ranst et al., 2020) and apatite (U-Th)/He (AHe) (Van Ranst et al., 2020) from
samples from adjacent areas. Our AFT data are in agreement with these previous studies, where
they spatially connect. Especially samples from close proximity, such as samples BR-30 and

BR-1 from Van Ranst et al. (2020) compared with samples from this study (C12 and S1,
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respectively) lie within expected statistical uncertainty. Samples from Fonseca et al.,
(submitted) complete our dataset on the Brasilia Orogen providing additional MTL information
(Figure A.5 in Appendix A), and presenting inversion time-temperature models (Figure A.10

in Appendix A), therefore they are combined with our dataset for further discussion.

A clear distinction with respect to the tectonic province can readily be observed in the AFT data
set presented here. In general, all AFT central ages range between 386 & 31 (sample 9) and 59
+ 4 Ma (Sample C11). AFT ages from the Araguai Orogen range from 210 £ 10 to 59 + 4 Ma
(Table 2) while ages from the Brasilia Orogen and the SFC are generally older, ranging between
386 + 31 to 160 £ 12 Ma (Table 2) with one outlier (Sample N12, 106 = 15 Ma). The
intermediate ages between these two groups (160 to 210 Ma) predominate in the transition zone
between the Araguai Orogen and the SFC (Fig. 3 and 4). The relationship between elevation
and AFT central age is also distinct. While the Araguai Orogen samples show a normal trend,
i.e. the older ages at higher elevation, the samples from the Brasilia Orogen and the SFC display

no clear correlation and suggesting an exhumed APAZ signature (Figure A.6 in Appendix A).

In the AFT samples from the Araguai Orogen, the MTL is longer (13.5 um) in samples with
AFT central ages around 95 Ma (sample S1 and S3) and the MTL tends to decrease (with
increasing standard deviation) for samples with ages between 110 and 150 Ma (Fig. 5). Hence,
it is possible to infer a rapid cooling around 95 Ma (Green et al., 1986). In samples from the
Brasilia Orogen and the SFC, the longest MTL (13.7 um) is associated with the oldest AFT age
(Sample 9, 386 + 31 Ma), while younger ages (c.a. 350 to 230 Ma) are derived from samples
displaying shorter MTL (12.7-11.2 um) (Fig. 5). In this case, the fast cooling is associated with
a Devonian cooling event and a tail of mixed signatures is showed by samples with AFT ages
ranging from Carboniferous to Early Triassic. However, one should be aware of the increased
absolute uncertainties on an AFT age when extrapolating further in time and therefore the

Devonian basement cooling event is not precisely constrained.

The inverse models also confirm the distinct difference in thermal history between the Araguai
Orogen and the SFC and Brasilia Orogen (Fig. 6). Samples from the latter two display similar
time—temperature paths with a fairly rapid cooling between ca. 430 to 350 Ma with a subsequent
phase of stability until a last cooling pulse during the Cenozoic. Almost all the modeled samples
from Araguai Orogen and the SFC had cooled below 70 °C before 250 Ma, and were probably
not reheated above this temperature since. In the Araguai Orogen, the current surface rocks
seem to have cooled through the 100 °C isotherm during the late Mesozoic to the early Cenozoic

times, and so therefore the former thermal history is not revealed in the AFT data. The models
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suggest the onset of their cooling phase around 120 to 95 Ma, i.e. Aptian to Cenomanian, that
indeed is in accordance with their AFT age vs. MTL plot (Fig. 5). Almost all samples describe
a modeled late cooling phase that affected all the provinces. In some cases, this cooling phase

is inferred during the Late Cretaceous to Paleocene and in others during the Neogene.
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Fig.6 — Summary figure from thermochronology and geological events. Expected t-T paths from models obtained
by QTQt (Gallagher, 2012) (see individual thermal history data in Appendix A.8-9-10). Periods of cooling
interpreted from the thermal history, geodynamic events and sedimentation events during the Phanerozoic (after
Zalan, 2004 and Milani et al., 2007) are added. S = syn-rift and T= transitional phases in the marginal basins.

5.2 Meaning of the cooling phases and depth of exhumation
Paleozoic

A Paleozoic cooling phase is revealed through the thermochronometry and thermal history
modelling of samples from the Brasilia Orogen and the SFC. The main cooling was constrained
between ca. 430 and 350 Ma (Fig. 6) by the inverse modeling (expected model) and
corroborated by the relatively high mean track length (MTL) values from sample 9 with a



68

Devonian AFT age. The cooling phase is however poorly constrained since limited suitable
basement outcrops and samples are available and only just one sample (sample 9) yields the
long MTL signal. In addition, the absolute uncertainty increases for older ages. Previous AFT
data have also revealed a Paleozoic cooling period in the southern Brasilia Orogen (Dorantin-
Tiritan et al., 2014; Fonseca et al., submitted, Gallagher et al., 1994; Ribeiro et al., 2005) and
in the north-eastern SFC (Jelinek et al., 2014; Japsen et al., 2012). Fonseca et al., submitted
suggest a close connection between the tectonic subsidence of the Parana Basin and the coeval
cooling of the Brasilia Orogen. This is interpreted as a result of exhumation after possible
reactivation and basement denudation, in its turn triggered by the tectonic extension during the

rifting processes.

In the interior of West Gondwana, the Paleozoic mars the final consolidation of the
supercontinent and the collapse of the Brasiliano orogens. The latter was accompanied by the
formation of several intracratonic depocenters. The collapse of the Brasilia Orogen specifically
is constrained by medium-temperature thermochronometers as to have occurred between 600
to 560 Ma (Hasui and Almeida, 1970; Valeriano et al., 2000, Pimentel et al., 2004). Hence this
implies termination of the main orogenic activity followed by the relaxation of the upwardly
compressed isotherms. Dunlap, (2000) estimates an initial cooling rate driven by isothermal
relaxation in excess of 30 °C/Ma using thermomechanical models. Therefore, this initial
cooling effect only lasts for about 10 to 20 Ma and thus does not fully explain the reported

cooling phase as constrained by our AFT data.

Furthermore, the Brasilia Orogen is not the only domain exhibiting this Paleozoic cooling. As
mentioned, this signal extends into the SFC and is spread across sampling profiles as far apart
as 800 km and hence implies large, regional mechanisms. We suggest that the interplay between
intraplate tectonic readjustments followed by erosional processes led to the basement cooling,
1.e. Brasilia Orogen and SFC. During the Paleozoic both sampled areas were paleohighs that
were subjected to erosion, which produced sediments transported to and deposited in the
adjacent depocenters of the Parand and Sanfranciscana basins. Provenance studies of the
Paleozoic sediments of the Parand Basin using paleocurrent data (Alessandretti et al., 2016;
Assine, 1999; Assine et al., 1998; Gesicki et al., 2002; Lobato and Borghi, 2005; Mottin et al.,
2018; Scherer and Lavina, 2006) and U-Pb detrital zircon analysis (Canile et al., 2016) indeed
points to these exhumed northern Precambrian batholiths as possible source areas. Therefore,
we link the rapid basement cooling to the significant increase in erosion rates during this period

(i.e. Silurian to early Carboniferous). The erosional response of an elevated area (such as the
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Brasilia Orogen and the SFC during the Paleozoic) depends on an intricate set of variables, such
as the subsidence of intra-cratonic depocenters, the local climate, the nature of the main
erosional process (e.g. fluvial, glacial, arid processes), and base level drop (Braun and Robert,
2005; Dunlap, 2000). The possible individual influences of these processes and their interaction

are discussed in section 5.3.

An approximate depth of exhumation can be calculated through the expected model adopting a
simplified assumption of a constant geothermal gradient over time. Following the geothermal
gradients defined by Vitorello et al., (1980) for the Precambrian Brazilian interior, we adopted
the value of 15 + 5 °C/km, which is expected to be relative stable (e.g. Stiwe et al., 1994). A
removal of 7.0 to 3.5 km of the overlying basement rocks is estimated considering the rapid
cooling shown in the data of some of the samples, to 5.0 to 2.5 km in the most protracted cooling
samples. Uncertainties regarding modeling and geothermal gradient behavior over time is added
in these values, therefore they should be carefully interpreted. A possible re-burial and re-

heating episode could possibly be missed in this calculation.
Aptian to Cenomanian

An Aptian to Cenomanian (ca. 120 to 95 Ma) cooling phase is inferred by the inverse models
from samples in the southern and central transect from the Araguai Orogen. Jelinek et al., (2014)
also reported this phase in an adjacent area (Fig.1). The authors relate it with a denudational
event triggered by the uplift of the rift shoulder, as the Atlantic opening occurred at this time.
The role of the erosion is supported by the offshore syn-rift deposits in the offshore basins next
to Aracuai Orogen. The influence of the break-up is clearly relevant for the change of the base
levels and drainage patterns (e.g. Gallagher et al., 1994; Van Ranst et al., 2020). The effect of
the heat flow within the developing rift system cannot be ruled out (e.g. Brown et al., 1990;
Gallagher et al., 1994; Morais Neto et al., 2009; Turner et al., 2008). The effects of the thermal
influence decrease rapidly with the distance from the rift axes (Morgan, 1983; Gallagher et al.,
1994; Cogné et al., 2011) and as our samples are from at least 150 km from the coast (Figure
A.1 in Appendix A), its effect might have been minimal. Therefore, we support the Jelinek et
al., (2014) hypothesis of a rift-shoulder-related denudation as the main cause of cooling during

the syn-rift phase.

An estimation of the depth of exhumation is determined here based only on the effects of surface
processes (i.e. erosion), since geothermal effects may have had little effect as mentioned. A

direct constraint on paleo-geothermal gradients collected from vertical sections would improve
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the calculation of denudational exhumation (Turner et al., 2008). As this data is hitherto not
available, we adopt a simplified assumption of invariable thermal flux during the cooling,
following the geothermal gradient estimates of Hamza et al., (2005) on the Brazilian continental
margin (25 £ 5 °C/km). Within the constraints of this assumption and using the time—
temperature paths predicted on the expected models, the Aptian to Cenomanian cooling

corresponds to a removal of ~1.0 km of basement from the Araguai Orogen.
Late Cretaceous/Paleocene and Neogene

Our thermal history models display a possible post-rift rapid cooling phase during the Late
Cretaceous to Paleocene (samples S13, C2, N3, N5, N11, Figure A.8-9 in Appendix A) or
during the Neogene (samples N10, C18, C14, C16, Figure A.9-10 in Appendix A). This final
cooling carried the samples from higher temperature conditions to below 65 °C, which is very
close to the method’s sensitivity. A “recent-cooling” artefact is well-known in numerical
inversion of AFT data (e.g. Jonckheere, 2003) and this feature in the models should be

rigorously tested against independent geological evidence.

Several previous thermochronological studies, in both the Araguai Orogen (Amaral-Santos et
al. 2019, Carmo 2005; Jelinek et al. 2014; Van Ranst et al. 2020) and the SFC (Japsen et al.,
2012; Jelinek et al., 2014), also revealed a Late Cretaceous to Paleocene cooling. Many samples
from this published data present AFT central ages ranging from ca. 80 to 50 Ma with high MTL
(> 13.5 um) and showed narrow standard deviation for the track-length distribution, which
means a fairly fast basement cooling between ca. 80 to 50 Ma. Thus, we consider that this
cooling period may have taken place in some samples of our study area as well. The
contemporaneous increase of sedimentary thickness recorded in the offshore basins (Milani et
al., 2007), also corroborates increased sedimentary input and more widespread erosion during
the Late Cretaceous to Paleocene (e.g. Jelinek et al., 2014). Based on this, a depth of exhumation
of 1.3 to 2.0 km can be calculated considering an average geothermal gradient of 25 + 5 °C/km

(Hamza et al., 2005).

A Neogene cooling phase is discussed by some studies on the Brazilian margin (Japsen et al.,
2012; Jelinek et al., 2014; Morais Neto et al., 2009), however it is solely inferred from thermal
history models, since none of the samples showed Neogene AFT central ages. The authors
highlight that a thick clastic wedge, built out in the offshore basins during this time, is evidence
of some erosion and points to significant basement denudation in the source areas. In our data,

the Neogene event is displayed by samples far from the coast, where only thin and small
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sedimentary deposits are recorded. Therefore, this cooling is most likely a modelling artefact

in our study area (e.g. Van Ranst et al., 2020; Dempster and Persano, 2006; Redfield, 2010).
5.3. Driving forces
Paleozoic

As discussed, a Paleozoic denudational cooling phase (Fig. 6) affected at least the SFC (Jelinek
etal., 2014; Japsen et al., 2012 at the craton’s continental margin) and Brasilia Orogen (Fonseca
et al., submitted). In the Matiqueira Province (Borba et al., 2002, 2003; Hueck et al., 2019;
Machado et al., 2019; Oliveira et al., 2016; Riberio et al., 2005; Souza et al., 2014), Amazonian
Craton (Harman et al., 1998) and ancient West Gondwana basement terrains in Africa
(Kasanzu, 2017; Kasanzu et al., 2016), a Paleozoic cooling is also reported. The majority of the
previous works argued for a far-field mechanism inducing widespread erosion and exhumation
of the West Gondwana basement during this time (e.g. Fonseca et al., submitted). It is likely
that other portions of the West Gondwana basement have also experienced this cooling phase
but it is not recorded by low-temperature thermochronometers due to either posterior resetting
by subsequent thermal events, or because more recent exhumation events have removed the
overlying basement with this signal, exposing deeper sections of the crust. This may be the case
in the Araguai Orogen, where the former cooling is not preserved for AFT detection. This
hypothesis should be tested by applying other medium-T thermochronometers such as Zircon
(U-Th)/He, Zircon Fission Track or apatite U-Pb dating. Among the processes supporting an
increase of erosion rates, depocenter subsidence was widespread in West Gondwana during the
Paleozoic, since several intracratonic basins (also called "interior cratonic basins" or
"intracontinental sags") were generated during this time (Torsvik and Cocks, 2013), invoking
base level drop and denudation of adjoining basement highs. For example, near the SFC and
Brasilia Orogen, the extensive Parana Basin (Milani and De Wit, 2008; Linol et al., 2015; Zalan
et al., 1990) shows high rates of episodic tectonic subsidence between the Ordovician (c.a. 450
Ma) and the Early Triassic (c.a. 240 Ma), which is coeval with the Paleozoic cooling period.
As previously mentioned, (section 5.2), provenance studies on Parana Basin sediments reveal
that basement blocks of the SFC and the Brasilia Orogen served as important source areas at
that time (Alessandretti et al., 2016; Assine, 1999; Assine et al., 1998; Gesicki et al., 2002;
Lobato and Borghi, 2005; Mottin et al., 2018; Scherer and Lavina, 2006). Therefore, the
Paleozoic cooling of the analyzed basement rocks is likely associated with the basement erosion
and sediment influx to the Parana basin. Three thick sedimentary packages with a total thickness

0of' 4500 m were deposited in the Parana basin during this time (Milani et al., 2007). In addition,
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significant Paleozoic sedimentary sequences are deposited in the Sanfranciscana Basin in the

SFC interior as well (Fig. 6).

Although defining the subsidence mechanism of intracontinental sags remains challenging,
Milani and Ramos, (1998) showed how the subsidence cycles of the Parand Basin during the
Paleozoic may be connected to the Gondwana geodynamic cycles; mainly to the Famatinian
and Gondwanides orogeny (Fig. 6) (Pankhurst et al., 2006). Later, this was extended to the
Congo and Cape-Karoo basins due to their similarities in their tectonic subsidence curve and
stratigraphic correlation with the Parand Basin (Milani and de Wit, 2008; Linol et al., 2015).
Intraplate subsidence and Phanerozoic basement cooling of Precambrian stable areas (i.e.
cratons and ancient orogenic belts) have been indeed linked to the effect of far-field tectonic

stress variations (e.g. Kohn and Gleadow, 2019; Pinet, 2018).

The glacial nature of the erosional processes during the Ordovician (e.g. Le Heron et al., 2018;
Torsvik and Cocks, 2013) and Carboniferous in West Gondwana may have contributed to
increased denudation rates. According to Hallet et al. (1996), glacial erosion can increase the
rate with one or two orders of magnitude compared to fluvial processes. A Carboniferous ice
cap probably affected our study area, since it is close to the glacial deposits of the
Sanfranciscana Basin and Parana Basin and paleocurrent data indeed point to a northern source
area (Eyles et al., 1993; Mottin et al., 2018). However, evidence of Ordovician ice caps is rare
in Brazil, even though some authors describe glacial deposits in nearby basins, i.e. Parnaiba

Basin.

The transition to the Mesozoic was accompanied by increasing arid conditions and a severe
decrease in the tectonic subsidence rate in the Parana Basin, coincident with the end of the
orogenic cycle on the SW portion of Gondwana (Fig.6). The arid environment with shallow

base level prevents further deep erosion and leads to very low denudation rates (Bishop, 2007).
Aptian to Cenomanian

The denudation inferred in the syn-rift stage (i.e. Aptian to Cenomanian) must be linked to the
stretching and thinning processes in response to the extensional stress field that resulted in the
opening of South Atlantic Ocean and subsequent formation of new oceanic basins. Models
using kinematic constrains suggest that tectonic processes (e.g. flexure of the continental
lithosphere followed by uplift) are the major driving forces on the early evolution of passive
margins (Braun and Beaumont, 1989; Weissel and Karner, 1989; Watts, 2012). The uplift of

the rift shoulders leads to drainage rearrangements and contribute to increase of the sediment
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influx in the offshore basins (Watts, 2012). Thus, the destructive nature of erosion acting in the
new structural architecture of the rifted continental margin generated the exhumation through
denudational processes. According to Rouby et al. (2013) the flexural rift-shoulder is eroded

away within 10 to 20 Myr, which is in agreement with our inferred cooling phase.

The driving mechanism that led to break-up remains controversial. A mantle plume is
commonly invoked to explain the South Atlantic continental rupture (e.g. Quirk et al., 2013 and
references therein), mainly because it was followed by huge magmatic events (e.g. Parana-
Etendeka L.I.P, with a volume of at least 1 700 000 km3; Frank et al., 2009). However, the
original model proposed by Morgan (1971) predicted several phenomena (Campbell, 2007) that
the South Atlantic margin fails to show (e.g. Foulger, 2018; Peace et al. 2019; Fromm et al.,
2017). Our thermochronological data are insufficient to broadly contribute to this discussion,
but brings more insights into the denudation history of the continent’s interior. Nevertheless,
there is no evidence for regional uplift followed by denudation in the Brasilia Orogen preceding
the emplacement of the Parand L.I.P that occurred nearby our study area. A kilometer-scale
domal surface uplift is predicted in response to plume-head emplacement at the base of the
lithosphere (Campbell, 2007). Nor do we observe reheating effects of the Early Cretaceous

volcanic activity in the SFC, i.e. Transminas mafic dike swarm, in our data.
Late Cretaceous - Paleocene

Our data combined with previous studies (e.g. Amaral-Santos, et al. 2019; Cogné et al., 2011,
Hueck et al., 2019; Japsen et al., 2012; Jelinek et al., 2014; Krob et al., 2019; Oliveira et al.,
2016; Machado et al., 2019; Van Ranst et al., 2020) show a widespread erosional denudation
during the Late Cretaceous to Paleocene that is strongly imprinted in some of the segments of
the Brazilian Atlantic margin, such as the Borborema Province (e.g. Morais Neto et al., 2009)
and Mantiqueira Province (e.g. Van Ranst et al., 2020), but is also inferred in thermal history
models for samples far away from the margin (e.g. Amaral-Santos et al., 2019; our results) and
in the cratonic coastal region (e.g. Japsen et al., 2012). Thus, the Late Cretaceous to Paleocene
cooling phase is widesread in the passive marginal domains as well as in the hinterland, which
leads us to suggest that post-rift mechanisms with only local effects could not be the main root

cause for the basement cooling.

Numerical modeling by Rouby et al., (2013) demonstrated that post-rift peaks of erosion and
sediment accumulation should not be explained only by thermal relaxation and flexural

isostasy. A major climate change would be one potential explanation for increasing erosion
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rates, nonetheless, the currently available data point to stable climate conditions throughout that
period (Bershaw et al, 2010; Garcia et al., 2005; Spier et al., 2006). A forced (tectonic) uplift
and variations in drainage organization seems most likely in our case, as already stated by other
authors (e.g. Van Ranst et al., 2020; Jelinek et al., 2014). Indeed, in SE Brazil, vertical motions
along inherited Precambrian structures (crustal weak zones) are well documented (e.g. Cogné
et al., 2012). However, the uplift/subsidence mechanisms that could trigger such rejuvenation

of the topography remain poorly understood.

Paleostress analyses (Salomon et al., 2015; Ferrari, 2001) indicate a compressional NE-SW
stress field operating in SE Brazil during the Late Cretaceous to Paleocene in a strike-slip
regime. The stress system may be a result of the interplay between flexural bending of the
margin and the intraplate compressive stress transmitted from the plate boundaries. Even
though the former might not be the only cause of the uplift (Salomon et al., 2015), it may
attribute to it (Van Ranst et al., 2020). The Atlantic spreading rate seems to have increased
somewhat (4 to 5 cm/a) between 90 to 80 Ma to then decrease (5 to 3 cm/a) until 60 Ma (Clark,
2018). Thus, a ridge push force cannot be considered as the main cause of stress. At the
convergent western boundary of the South American plate, the Peruvian tectono-orogenic cycle
took place just before the denudational exhumation we observe (Fig. 6) and so could lead to the
increase the intraplate stress, which could in turn trigger the reactivation of ancient structures
resulting in differential uplift and denudation of certain fault blocks. This hypothesis is
commonly proposed to explain the compressional events and cooling periods of the Brazilian
passive margin (e.g. Cobbold et al., 2001; Cogné et al., 2011, 2012; Karl et al., 2013; Van Ranst

et al. 2020) and our data can extend this interpretation to terrains more in the hinterland.
5.4. The influence of tectonic and lithospheric inheritance

The differential exhumation pattern revealed in our AFT analyses allows clustering the samples
in two distinct main groups: (1) samples from the SFC and the Brasilia Orogen that were
exhumed mainly during the Paleozoic with slight exhumation in the Cenozoic; (2) Samples

from the Araguai Orogen that were mainly exhumed during the Meso-Cenozoic.

A first discriminating characteristic is the distance to the coast. The Aracuai Orogen is part of
the Brazilian passive margin and thus closest to the rift axis and would have been more
susceptible to heating and denudation processes caused by the rifting (e.g. rift shoulder uplift/
flexural isostasy). However, in the AFT central age vs. distance to coast plot (Figure A.1 in

Appendix A), it is possible to see that between 200 to 300 km away from the margin, there are
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several samples from both groups maintaining the characteristics that differentiate them (i.e.
older ages in the SFC and Brasilia Orogen). Besides, in the light of previous
thermochronological data, the cratonic margin (Japsen et al., 2012; Jelinek et al.,2014; Harman
et al., 1998) exhibits much more pre-rift AFT central ages than the orogenic margin (Fig.7.A),
which seldomly preserves the former cooling but rather displays syn- and post-rift AFT ages.
Therefore, we suggest that lithospheric features may be decisive in the manifestation of surface

uplift and the denudation and cooling afterwards, at least during the Meso-Cenozoic events.
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2017). B) Shear wave (s) velocity at 100 km depth (Feng et al., 2007). C) Intraplate seismicity onshore and offshore
(Assumpgdo et al., 2014).

The Meso-Cenozoic tectonic activity should be mainly partitioned in pre-existing shear zones
within the lithosphere, as shown by the parallelism between ancient structural lineaments of the
Brasiliano belts and the younger rift systems, e.g. Atlantic Rift and Continental Rift of south-
eastern Brazil (Ashby et al. 2010; Tommasi and Vauchez, 2001,2015; Reuber and Mann, 2019;
Salomon et al., 2017; de Wit, et al., 2008; Nemcok, 2016). The mobile belts indeed possess
several weak zones, such as faults, shear zones, and foliation planes, as well as a higher
geothermal gradient (Misra and Mukherjee, 2015; Cloetingh et al., 1995; Rey et al., 2001; Corti
etal., 2007). These features generate a warmer and weaker lithosphere compared to the cratonic
one. Cratons are characterized by low heat flux, and a dehydrated mantle with refractory
composition (e.g. Peslier et al., 2010; Sleep, 2003). Tommasi and Vauchez, (2001, 2015),

taking into account these characteristics, suggest that the orogenic mantle provides deep pre-
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existing weak zones as well, which play an important role in localizing strain during extension

such as in the opening of the South Atlantic Ocean.

Hence, the South Atlantic margin gives a good example of how cratonic and orogenic
lithospheres can create different features undergoing the same stress source (e.g. Brune et al.,
2014; Buck, 1991; Huismans and Beaumont, 2005). The break-up of the cratonic Bahia bridge
between the SFC and the Congo Craton resulted in deep narrow basins (marginal basins and
the Recdncavo-Tucano-Jatoba aulacogen), while portions of extended orogenic belts (e.g.
Araguai Orogen) generated a wider rifting zone (e.g. Mohriak et al., 2008). We earlier suggested
the erosion of the rift shoulders as the main cause of the Aptian to Cenomanian cooling phase
(section 5.3). It is absent in our in-land cratonic study area and also in some cratonic coastal
portions (Jelinek et al., 2014) thus the driven deformation, i.e. flexural uplift, should not have
regionally reached the cratonic strong lithosphere. Instead, and more likely, the deformation in
the SFC was heterogeneously localized in narrow weak zones (e.g. Reconcavo—Tucano—Jatoba
rift) and at the cratonic edges. In contrast, the mobile marginal belts (e.g. Araguai, Borborema
and Ribeira belts) exhibit widespread Meso-Cenozoic denudational phases indicating far-
reaching deformation. Distinct erosion patterns of cratonic rocks versus rocks from the
boundary orogenic belts, are reported from the southern Africa Plateau as well, and is thought

to stem from the same geodynamic driving force (Stanley et al., 2015).

Although the dichotomy cratonic vs. orogenic lithosphere works to understand the general
context, it 1s too simplistic if we consider the several heterogeneities within one lithosphere or
between two cases of the same lithospheric type. Figure 7.B is a tomographic image that
displays the S-wave velocity model at 100 km depth (Feng et al., 2007). The higher S-wave
velocity terrains are indeed underlain by old and stable cratonic lithosphere, however the
tomography model shows that the thickness of the lithosphere is not homogeneous in the SFC
and it is higher beneath its southern part (Feng et al., 2007). Surrounding the SFC, the Brasilia
and Araguai orogens present very different lithospheric architectures, which is also illustrated
in Fig 7.B. The Brasilia Orogen in our study area exhibits significantly faster S-wave velocities
than the Araguai Orogen, which is interpreted as a deeper-seated extension of the SFC beneath
the former orogen (Soares et al. 2006; Feng et al., 2007). In order to better understand the
individuality of each region it is necessary to take into account the formation and evolution of

the lithosphere over time.

Comparing our data in the SFC, samples nearby the cratonic boundary (samples C1, C22, S11,

S13, S14) present the youngest AFT central ages, ranging from Triassic to Jurassic, along with
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MTL values that are higher than 12.5 pm. Comparing to the intraplate seismicity analyses of
Brazilian earthquakes (Fig.7.C) (compilation of Brazilian Seismic Bulletin and previous
works), it is possible to note that the seismicity is more concentrated at the cratonic edges as
compared to the inner craton (Assumpgao et al., 2013), which is in agreement with observations
by Mooney et al., (2012) on a global scale. The latter authors suggest that the increase in the
seismic activity can be a consequence of stress concentration in areas with high lateral density
variations. The stress concentration might result in more extensive reactivation of the basement,
leading to faster exhumation, shorter APAZ residence time and thus the long MTL values
observed for samples in the cratonic boundary as compared to the length distributions of the

samples of the inner craton.

In the case of an orogenic lithosphere, factors that facilitate reworking or reactivation are well-
understood, however many orogenic belts do not show evidence of later tectonic activity in
extensive large-scale (Krabbendam, 2001). This could indeed be the case for the Brasilia
Orogen, since our data show little post-Paleozoic reactivation for samples from that domain.
Krabbendam (2001) categorized the Brasilia Orogen as “unlikely to be reworked”, based on
analyses of its stronger orogenic lithosphere. We suggest that the Brasilia Orogen is a case of
strong orogenic lithosphere capable to inhibit reactivation, at least compared to the weaker
Aracuai Orogen lithosphere. Processes that could lead to the relatively high lithospheric
strength include the enrichment of radioactive isotopes in the shallow crust with depletion of
the lower crust, dehydration metamorphism, and crustal thinning by erosion (Krabbendam,
2001). These processes are responsible to lower the geothermal gradient and consolidate a

higher strength rheology to deeper-seated rocks.

The Brasilia Orogen was formed by the closure of the wide Goias ocean (Brito Neves, 1999;
Pimentel, 2016) resulting in the incorporation of high amounts of mafic material and an island
arc terrain (Valeriano, 2017 and references therein), which are depleted in radiogenic elements,
in its structure. In addition, in our study area, there are many granulitic rocks including mafic
granulites (e.g. Moraes et al., 2002; Piuzana et al., 2003) that indicate temperatures exceeding
1000 °C (Del Lama et al., 2000), and have resulted in a high strength dehydrated mineral
assemblage. During the metamorphism, the partial melting also contributed to the depletion of
incompatible radioactive elements in the lower crust. Finally, the orogenic collapse does not
seem to have an evolved extensional phase, neither abundant magmatism (Carvalho et al.,
2014), thus the erosion of the top crust may have been the main process of crustal thinning. The

removal of the upper crust enriched in radiogenic elements produced an orogen depleted in
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radiogenic heat and thereby led to a colder and stronger terrain. Another important feature
revealed by the seismicic tomography (Feng et al., 2007) that points to an increased lithospheric
stability is the above mentioned deep subcontinental lithospheric mantle in the south of the

orogen.

In the Araguai Orogen, the samples from the northern transect yield AFT central ages ranging
from the Late Cretaceous to the Jurassic and MTL values (11.5 um) lower than in the central
and southern transect (MTL > 12.2 um). The thermal history models from samples N3 and N5
(Fig.6) reflect these data, showing a slow cooling since the Jurassic, in contrast to the other
models from the Araguai Orogen that rather infer a fairly fast cooling just after the Early
Cretaceous. This could be an effect of the distance to the coast or elevation (see Figure A.1 and
A.2 in Appendix A), since these samples follow the normal trends defined by the dataset from
this orogen. However, the crustal level exposed in the northern segment of the Araguai Orogen
(north of 19 °S) is notable shallower than in the south (Alkmim et al., 2017; Pedrosa-Soares et
al., 2011), which would mean that this sector was in general less deeply eroded, i.e. went
through a slower denudational cooling. The evidence of the exposure of different crustal levels
in the north of the orogen include the decrease in the metamorphic grade and the occurrence of
shallower portions of the post-orogenic batholiths, i.e. much less mafic components (Almeida
et al., 1978; Pedrosa-Soares et al., 1992, 2001,2011; Trompette, 1994; Pedrosa-Soares and

Wiedemann-Leonardos).

A widespread sampling for thermochronological analysis in the northern sector of Araguai
Orogen would cover samples closest to the margin and in a variety of elevations, therefore the
influence of these variables could be checked. If a broad protracted cooling were to be revealed
such as in our data, we would suggest that the degree of erosion contributes to the preservation
of the upper crust in the northern sector. In this case the reactivations responsible to induce the
denudational processes to the south would produce slower vertical motion to the north. The
rigidity of the northern lithosphere is increased by the proximity to the more rigid cratonic
bridge and a lesser amount of extension during the formation of precursor basin of the orogen.
The analysis of the structural trend is also relevant, since it inflects to the NE in the north portion
making it less parallel to the coastal margin and consequently less favorable to react to
extensional forces inflicted by opening of the South Atlantic (e.g. Salomon et al., 2017). Ideally,
the contribution of the lithospheric and structural inheritance in this segment of the belt should

be clarified in future works.
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7. Conclusion

We report the results of AFT thermochronology from forty-three new samples distributed in
three transects that run across the Sao Francisco Craton (SFC) and two adjacent mobile orogenic
belts, i.e. the Araguai and Brasilia belts. Our analyses in combination with published data reveal
three main phases of denudation during the Phanerozoic: (i) Paleozoic, recorded by samples
from the SFC and Brasilia Orogen; (ii) Aptian to Cenomanian, recorded by samples from the
Araguai Orogen, and (iii) Late Cretaceous to Paleocene, inferred in samples from the SFC as
well as from both the Brasilia and Araguai orogens. We associated the Paleozoic phase with
erosion induced by the effect of tectonic extension during the rifting of continental crust in the
context of tectonic subsidence of the intracontinental basins, i.e. mainly the Parand and
Sanfranciscana basins. The Aptian to Cenomanian cooling was linked with the uplift induced
denudation triggered by the opening of the South Atlantic Ocean during the syn-rift phase.
Finally, the widespread post-rift erosional event, i.e. Late Cretaceous to Paleocene, was
connected with reactivations prompted by the interplay between flexural bending of the margin

and the intraplate compressive stress transmitted from the plate boundaries.

Differential uplift and exhumation in our study area are recorded in our AFT data. While the
Araguai Orogen samples experienced fairly rapid cooling during Meso-Cenozoic times, the
SFC and Brasilia Orogen samples exhumed long before, more specifically during the Paleozoic,
and remained in relative stable conditions near present outcrop position from the Mesozoic until
the present day. We suggest that the lithospheric architecture of the tectonic provinces is deeply
connected with deformational response to tectonic stresses. The strong, rigid and cold cratonic
lithosphere likely partitioned and concentrated the Meso-Cenozoic reactivations in narrow
weak zones (e.g. Reconcavo-Tucano-Jatoba rift) and at the cratonic borders as evidenced also
by previous thermochronological studies in the cratonic basement of the Brazilian margin
(Jelinek et al., 2014). In contrast, the Araguai Orogen displays a widespread Meso-Cenozoic
denudational exhumation indicating far-reaching deformation. The Brasilia Orogen seems to
be an example of a strong orogenic lithosphere, since it remained stable from the early Mesozoic
to the present. Therefore, we highlight the importance of inherited lithospheric structures in

studies elucidating thermal histories.

Acknowledgments

This work was supported by the Conselho Nacional de Desenvolvimento Cientifico e
Tecnoldgico - CNPq (Project 306520/2018-4). The first authors thank Coordenacdo de
Aperfeicoamento de Pessoal de Nivel Superior — CAPES (the research fund of the Brazilian



80

Ministry of Education) for the master’s scholarships. TFB acknowledges the Fundacdao de
Amparo Pesquisa do Estado de Minas Gerais (FAPEMIG) for the Ph.D scholarship funding.
SN’s contribution was supported by the Research Foundation — Flanders (FWQO) through a PhD
fellowship 31528111. GVR is supported by the Special Research Fund of Ghent University
(BOF 01N03915) We are grateful to Dr. Bart Van Houdt for performing the irradiations at the
SCK in Mol (Belgium) and Fernando Pacheco for helping to improve the figures.

Appendix A supporting images and graphs

450
,
400
[ ] g*
350
pri-n ®N11
@ 300 '] - ar? o
© R A T @ C14*
E ) C19‘ ’ClE s I
P 1 ® N10
S 250 1l ls13910 b c1s* L6
(0] G L
= ‘%6 losy; ecC22 IV EY
@© [
€ 200 +5 s10
3 3
- ) ec1
W 150 514 #79 s12 il N7
S7T 58 c2 N’3
S3 ? e
100 618 5 55 56 5T - ?Ng ®n12
. 3 § c3
Araguai Belt st 0 9 4
50 s4 C12
® S3o Francisco Craton c11 c7
® Brasilia Belt
S2
1200
s12 17+
°
513 - 8%
1000 Sl4ee
s10®
; c16* L N12
, 1t esu Clyg  &£20 N7 ¥ .
=
E 800 9 o 0 s N13*
= s1 B 5 & °
S c21c18
© . S5 s o ¢ . N11 i3
© 600 ¥ o Cla® .
w s4 c4 N3 N1D ®
N5
400
N4
cée 7
200/ © Araguai Belt &) =
® S3o Francisco Craton CL1FELL
® Brasilia Belt
0 100 200 300 400 500 600 700 800

Distance to coast (km)
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indicate insufficient measured lengths to produce a reliable data set).
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number of confined tracks counted; Lm= mean track length (in um); o= standard deviation, in pm).
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Figure A.5. AFT confined track length-frequency distributions in samples from Brasilia Belt (n= number of
confined tracks counted; L= mean track length; o= standard deviation; light blue histogram indicate insufficient
measured lengths to produce a reliable data).
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Figure A.7. Skewness plots. A) vs. [] (MTL, in um). B) vs. MTL.
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Figure A.8. Results of inverse MCMC modelling in QTQt (Gallagher, 2012) for samples from the Araguai Orogen.
The expected model is displayed by the black curve, with the 90% credible interval in red for single samples.
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CHAPTER III

3.1 — Future work

The AFT analyses of 50 basement samples from Sao Francisco Craton, Aracuai Belt, and

Brasilia Belt allowed to reconstruct the general picture on the differential cooling history of

these terrains during the Phanerozoic. However, future investigations are necessary to better

constrain and validate the conclusions and suggestions that are presented in Chapter II.

Therefore, further research might:

1. apply multi-thermochronological approach to better constrain the time-temperature paths.

It would be possible to clarify if Araguai Belt was also strongly denudated during
the Paleozoic, just like Sdo Francisco Craton and Brasilia Belt, using fission-track
method but with higher-temperature thermochronometers, such as zircon grains, i.e.
Zircon Fission-Track.

The Neogene cooling event suggested by some of the models presented in this work,
can be better investigated using the (U-Th-Sm)/He approach in apatite grains. This
method fundamentally constrains cooling events in even shallower portions of the

crust.

2. perform more detailed sampling campaigns.

Other portions of the West Gondwana basement should also be investigated in order
to evaluate the reach of the Paleozoic cooling phase and its connection with the West
Gondwana orogenic cycles. Cratonic areas (e.g. Sdo Francisco Craton) as well as
orogenic belts trapped in the continental interior (e.g. Brasilia Belt) could preserve

the former cooling.

A broadly sampling in the northern portion of the Araguai Belt is necessary to check
the influence of near-craton rheology and structural trend in its exhumation

compared to the southern portion.

Sao Francisco Craton weak zones (e.g. Pirapora and Paramirim aulacogens) could
be a locus of Meso-Cenozoic reactivations. This hypothesis warrants further
investigation that could be achieved by AFT analyses of the basement crossing these
structures. Boreholes may be required in cases where the Phanerozoic sediments

fully covers the basement.
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